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ABSTRACT
This report summarizes progress made under the
subject grant during the period September 1, 1966 to
August 31, 1972. The principal aims of the research
carried out were to determine the nature and magnitude
of surface-related effects that can cause errors in pressure
measuring instruments, with special reference to instruments
intended for use as planetary probes, and to suggest ways
and means of mitigating or avoiding these effects in practical
instruments.
The bulk of the research carried out involved -•
studies of the interaction of gases with clean surfaces of
the metals likely to be used as gauge construction materials,
with special emphasis being placed on the adsorption, chemical
reaction and electron-induced desorption processes of these
gases. The results indicated that all metals tested were
subject to surface processes which would degrade gauge
fidelity. It was also found, however, that the formation
of inert adsorbed layers on these metal surfaces, such as
carbon on platinum, greatly reduced or eliminated these
effects. This process, combined with a system design which
avoids contact between reactive gases and hot filaments,
appears to offer the most promising solution to the gauge
fidelity problem.
INTRODUCTION
The following report summarizes research carried out
under NASA Grant No. Net. 33-018-066 during the period between
September 1966 and August 1972. The original aim of the project
was to investigate those'processes which can occur in gauges
for the measurement of pressure in ultrahigh vacuum systems
which will cause erroneous pressure readings. Later on in
the project, the aims were focused more specifically on the
problems peculiar to pressure measuring instruments to be used
in planetary probes.
It was realized early in the project that the observed
pressure measurement errors could be divided into two general
classes. There are first those associated with the normal
operating process of the gauge, such as the so-called "X-ray
effect" in ionization gauges, errors due to pressure differences
. . - ..• .- ,.-*j-
between the active volume of the gauge and the main chamber
of the vacuum system, and errors due to a non-uniform flux
of molecules within the system, such as one finds particularly
in cryopumped systems. Errors of this sort, and the design
principles required to minimize and avoid them have been
studied extensively in the past (see, for example, the review
in the book by Redhead, Hobson and Kornelsen (1)). It was
thus decided not to include considerations of this sort in
the present study.
The second type of measurement error is associated 'e
with processes occurring in the gauge which are not connected
2with the basic operating principle of the gauge, and which,
for the most part, involve interactions between surfaces in
the gauge and gases in the system. These include the "pumping"
i
of gases by ionization and burying within the walls of the
gauge, formation of ions by the interaction of electrons
with gases adsorbed on gauge elements (primarily grids),
decomposition of reactive gases on heated surfaces within
the gauge (especially filaments) and the formation of new
gas-phase species by surface chemical reactions. It is this
aspect of the gauge fidelity problem which has been the subject
of the present study. Those aspects of this problem that we
have studied, and the conclusions that we have drawn are
summarized below.
RESEARCH CARRIED OUT
During the course of this study, several experimental
investigations relevant to the problems being studied were
carried out. We will summarize the methods and results of
all of these studies before drawing general conclusions in
a later section.
Gauge Calibration System
As a preliminary to definitive studies of .surface
effects in gauges, a vacuum system was constructed to permit
calibration of ionization gauges against a primary standard
over a wide range of pressures. The system constructed was
based on the "reference transfer" system of wide-range
calibration (2). It consisted of two pyrex chambers, connected
*•
to one another by a small orifice having a calibrated conductance.
One of these chambers was connected through a larger calibrated
conductance to a pumping system which consisted of a liquid-
nitrogen-trapped mercury diffusion pump. The other was connected
to a sensitive, liquid-nitrogen-trapped McLeod gauge (CVC model
GM-110), which served as the reference for all calibrations, and
to a gas inlet valve. Both chambers were provided with several
ports for the. mounting of test gauges and in addition a "reference
transfer" gauge, a GE model 22GT102 ionization gauge, was mounted
between the two chambers with ultrahigh vacuum valves which
permitted it to be connected to one or the other chamber at any
time. Gauges could be calibrated directly against the McLeod
gauge in the upstream chamber in the pressure range down to
10 torr, and indirectly, using the "reference transfer" gauge
down to 10 torr in the downstream chamber.
This system was used to calibrate a number of ion gauges
for use in subsequent studies, and to assess the gross effects
of ambient gas composition on gauge performance. Significant
electron-induced desorption (BID) effects were found for the
operation of gauges with molybdenum grid structures operating
in oxygen atmospheres, as has also been observed by others (3).
Attempts to modify this effect by operating the grid at elevated
temperatures were unsuccessful, as no improvement in the BID
problem was observed at temperatures below which the heat input
to the grid caused excessive outgassing from other surfaces
in the gauge.
Adsorption and Electron-Induced Desorption of Gases
These studies constitute one of the two major experimental
lines of attack carried out under the grant. A number of
gas-surface combinations were studied, in varying detail,
to determine both the kinetics of their adsorption and desorption
processes, and also their behavior when subjected to low
energy electron bombardment. The aim of this study was to
assess the magnitude of the EID effects to be expected from
the surfaces of a number of materials which might be used as
grids in ion gauges and, hopefully, to find materials for which
this problem was minimal.
These studies were carried out in an all-metal, ion
pumped ultrahigh vacuum system, provided with the necessary
instrumentation for measuring thermal flash adsorption and
desorption kinetics and the kinetics of EID processes on the
sample surface. This system is described in detail in the
thesis "The Interaction of Hydrogen and Carbon Monoxide on
Platinum (111)", by V. H. Baldwin, Jr., which is included
as Appendix A to this report.
Initial studies, made . in ^this- system- were -for the —
adsorption and EID of H , HO, CO and 0_ on polycrystal
tungsten. These measurements were made primarily as a
test of system operating parameters, and yielded results
similar to those observed by others for the same and
similar gas-surface combinations (4,5,6). For example;
HS surface peaks were observed for both H2 and H_O adsorption
on polycrystal tungsten, and 0 surface peaks for the adsorption
s
of CO and O on the same surface. In the case of oxygen ad-
2
sorption, the O signal was observed to be proportional to
S
the bombarding electron current, and to increase in the expected
manner with increasing electron energy. For the case of CO
adsorption, results indicated initial adsorption into a state
of low BID cross section, followed by later adsorption into
a state of high EID cross section, similar to the results
obtained by Lichtman, McQuistan and Kirst (4) for the case
of O on molybdenum. It was also observed that the exposure
to the electron beam had a significant cleaning effect on
the surface, resulting in the removal of surface carbon. The
observed appearance potential for CO on tungsten was 23 volts,
similar to that observed by Menzel and Corner (5) .
After completion of these preliminary studies, a
very detailed study was carried out of the adsorption and
interaction of H and CO on platinum. This study is discussed
in detail in the aforementioned Appendix A, and has been
reported in the open literature (7,8).
Adsorption and Surface Reaction Studies by LEED. AES. and EID
The other major experimental program carried out under
this grant was a study of the initial interaction of O_ with
both clean and contaminated single crystal nickel surfaces.
These studies were begun when it became apparent that the
techniques used in the study of adsorption on platinum discussed
above were inadequate to provide a complete understanding of
the surface processes involved. It was not possible, for
example, to determine unequivocally the state of cleanliness
of the sample surface, or the extent to which the adsorbed
species formed an ordered structure on the surface. To
circumvent these problems, another experimental system was
constructed which included the capability of making low
energy electron diffraction (LEED) and Auger electron spectroscopy
(AES) measurements, in addition to the flash desorption and
BID capabilities present in the previous system. This system
is described in the theses, "Kinetics of the Reaction of Oxygen
with Clean and with Sulfur Pre-Contaminated Nickel Single
Crystal Surfaces", by Paul H. Holloway, which is included as
Appendix B to this report.
This appended thesis covers in detail the measurements
made in this study, including a discussion of the various
reaction mechanisms operating and the range of temperature
and 0 pressure over which each is important.
2
The AES technique was also used in a second study of
CO adsorption on Pt(lll), whose aim was to clear up the
aforementioned ambiguities in the initial study. The results
of this study are summarized in the paper, "Adsorption and
Decomposition of CO on Pt(lll)", by J. M. Martinez and J. B.
Hudson, which is included in this report as Appendix C.
This study yielded two major results. First, that the results
previously obtained for CO adsorption on clean Pt(lll) were
valid, and that the surface cleaning technique had indeed
produced a clean surface. Second, and perhaps more important
as far as the gauge fidelity problem is concerned, formation
of a layer of carbon contamination on the platinum surface
by electron bombardment produced a surface which was inert
to CO adsorption and showed no surface ion peaks in EID
studies, suggesting a possible solution to the EID problem.
PUBLICATIONS AND OTHER COMMUNICATION
The experimental studies discussed above have lead
to 8 papers which have either been published or are in the
I'
process of publication:
"Coadsorption of Hydrogen and Carbon Monoxide on
(111) Platinum", V. H. Baldwin, Jr. and J. B. Hudson, J. Vac.
Sci. Tech., 8., 49 (1971).
"An Inexpensive Electron Gun with an Inert, Replaceable
Filament", P. H. Holloway and J. B. Hudson, Rev. Sci. Inst.,
43, 828 (1972).
"A Versatile Substrate Design for LEED and AES Studies
in UHV", P. H. Holloway and J. B. Hudson, Rev. Sci. Inst.,
43_, 1045 (1972) .
"The Kinetics of the Reaction Between Oyxgen and Sulfur
on an Ni(lll) Surface", P. H. Holloway and J. B. Hudson,
Surf. Sci., 73, 56 (1972).
"The Adsorption and Interaction of H , CO and CH O
on Pt(lll)", V. H. Baldwin, Jr. and J. B. Hudson, submitted
to Surface Science.
8"Kinetics of the Reaction of Oxygen with Clean Single
Crystal Surfaces I: Ni(lOO) Surface", P. H. Holloway and
J. B. Hudson, submitted to Surface Science.
"Kinetics of the Reaction of Oyxgen with Clean Single
Crystal Surfaces II: Ni(lll) Surface", P. H. Holloway and
J. B. Hudson, submitted to Surface Science.
"The Adsorption and Decomposition of CO on Pt(lll)",
J. M. Martinez and J. B. Hudson, J. Vac. Sci. Tech. (in press)
Results of the experimental studies have also served
as the basis for the following oral presentations:
"Environmental Effects on Pressure Gauges", Langley
Research Center of NASA, August 1969.
"Surface Physics and Catalysis", ESSO Research and
Engineering Company, Linden, NJ, March, 1970.
"Coadsorption of Hydrogen and Carbon Monoxide on
(111) Platinum", 17th National Symposium of the American
Vacuum Society, Washington, DC, October 1970.
"Surface Reaction Studies by Electron - Surface
Interaction Techniques", Research Laboratories, General
Motors., Co., September 1971.
"The Study of Surface Molecules by Electron-Adsorbate
Interaction Techniques", Clarkson College of Technology,
November 1971.
"Kinetics of the Reaction of Oxygen with a Clean (111)
Nickel Single Crystal Surface", 19th National Symposium of
the American Vacuum Society, Chicago, 111., October 1972.
RELATION OF RESULTS TO OBJECTIVES OF THE GRANT
The most important conclusions that can be drawn from
the BID studies of adsorption on metals are first that BID
signals can be observed for a large number of gas metal
combinations and second that significant ambiguities can
be introduced into a mass spectrometric analysis by reactions
at surfaces even when surfaces are maintained at fairly low
temperatures. This latter point is illustrated by the studies
of hydrogen, carbon monoxide, and formaldehyde adsorption
on platinum. Similar EID behavior is observed from this
surface, with large H and moderate O peaks, irrespective
s s
of the proportions of these gases introduced into the system,
and the thermal desorption measurements show that formaldehyde
is decomposed with a high efficiency on heated platinum. These
results are significant insofar as attempts to reduce EID
effects are concerned. One possible way of decreasing the EID
signal from a surface is to operate the surface at a temperature
high enough that the equilibrium adlayer population, and
consequently the EID ion signal, are low. For the case of
platinum, this result can be obtained at a temperature of about
400°C. However, the decomposition of formaldehyde at the
platinum surface is efficient at this temperature. Thus the
attempt to avoid problems due to EID introduces possibly more
serious problems of sample decomposition.
On the other hand, the results of the studies of
oxidation of nickel, and of the adsorption and decomposition
10
of CO on platinum do offer some suggestions for the control
of surface problems in gauges. In both cases it was observed
that after the initial, and in both cases rapid, adsorption
processes had taken place, the metal surfaces were relatively
inert to further adsorption. This was especially pronounced
in the case of CO on platinum, after the CO had been decomposed
to carbon by the electron beam. The resulting surface was
completely inert to further CO adsorption. In the case of
O adsorption on nickel, the resulting adlayer showed a very
low cross-section for BID, 0 ions being detected only with
s
very great difficulty. For the case of CO adsorption on
+ +
platinum, copious quantities of O and CO were observed
s s
when a fresh CO deposit was electron bombarded, but as the
deposit was converted to carbon by continuous bombardment,
these BID signals dropped to zero.
POSSIBLE PRACTICAL SOLUTIONS TO GAUGE FIDELITY PROBLEMS
The results detailed above indicate that several types
of surface reactions can occur rapidly and extensively on
even such relatively noble surfaces as single crystal platinum.
Thus it is obvious that other approaches will be required if
surface related loss of fidelity is to be avoided. These
approaches can be divided into two classes: a search for
surfaces that are truly inert to both chemisorption of gases
and to the release of atoms or ions by processes such as
BID, and the design of sampling systems in which the gas
11
sample does not collide with surfaces in the system in the
course of the measuring process.
The study of surface inertness can be further subdivided
into studies of clean surfaces, and studies of surfaces which,
although not clean, have been treated in such a way that they are
inert. The first category involves determination of the
adsorption and EID behavior of such possible surface cbatings
as gold or pyrolytic graphite. The results of the study of
CO adsorption and decomposition on platinum indicate that
graphite may be a rewarding choice. The second category
involves the controlled formation of contaminant layers, such
as oxides, carbides or nitrides, on a number of metal surfaces,
followed by adsorption and EID measurements on the resulting
surfaces. Again, the results for CO decomposition on carbon,
and in addition oxide formation on nickel provide encouragement
for such studies. The important point here is to produce
a surface which, while inert, is still a good enough electrical
conductor that surface charging of ion and electron focussing
elements does not become a problem.
The other approach, that of designing sampling systems
in which contact between the sample and surfaces in the system
is avoided, can be accomplished by the application of aerodynamic
molecular beam techniques. These techniques involve introducing
a gas sample, initially near atmospheric pressure, through a
small nozzle into a region of high vacuum. This forms a
supersonic free jet expansion. It is possible to sample the
12
core of this expansion without disturbing the flow pattern.
The material thus sampled can then pass by line-of-sight
through the ionization region of a mass spectrometer, and
then on to a beam-stop chamber where the remaining gas is
pumped away. It is also possible to modulate the molecular
beam formed by the sampling probe before it reaches the mass
spectrometer ion source and thus, by using lock-in and phase-
sensitive detection techniques at the mass spectrometer output,
to separate the signal arising from the sampled material from
the signal arising from background gases in the ionization
region and from electrical noise generated by the instrument.
Instruments of this sort have been developed in the author's
laboratory to carry out these measurement functions in a
j*
large laboratory system. Application of these principles
to a flight instrument would involve redesign and miniaturization
of all components, and extensive simplification of the entire
instrument. However, the principles involved would be the
same.
SUMMARY
The results cited above indicate that considerable
progress has been made both toward an understanding of the
surface-related effects which can cause infidelities in
pressure measuring instruments, and toward application of
this understanding to the development of instruments having
a high fidelity.' While no such instrument has been developed
13
and tested in the course of the present study, we do have .-
in hand a number of criteria for the design of such a device.
On the basis of our results to date, it appears that surface
reaction and BID effects, at least for a number of the common
residual gases, can be reduced to very low values by controlled
carbon contamination of surfaces within the ion source.
If chemical reaction at heated filaments remains a problem,
this can be mitigated or eliminated by use of a gas inlet
configuration which avoids contact of gases with the filament,
or by the alternative of using as an electron source some form
of cold cathode, such as a field emitter or Penning
discharge. Again in this case, carbon coating could be used
to produce inert surfaces.
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A B S T R A C T
The interaction of hydrogen and carbon monoxide with the platinum
(111) surface at 300°K was studied by adsorption, thermodesorption and
electron induced desorption techniques in an ultra-high vacuum system.
A new technique, "EID observed isothermal desorption" was developed
and used. The adsorption of carbon monoxide was found to obey first
order kinetics with an initial sticking probability of 0.76 and result-
ed in one CO per two Pt sites. Hydrogen was adsorbed with an initial
sticking probability of 7.5 X 10"^  and obeyed half order kinetics, in-
terpreted as resulting from physisorption with rapid surface diffusion
followed by slow dissociative chemisorption. The coverage of hydrogen
was limited to 0.29, assuming one atom per site. The coadsorption of
Hp and CO resulted in attenuated adsorption and coverage of each gas,
but not mutually. Carbon monoxide, or a reaction product (HCO)*, re-
duced the rate of hydrogen adsorption, while a second reaction product
=>tr -
Ji;,
;H(CO)n appeared responsible for the attenuation of CO adsorption. Com-
plimentary data from several techniques enabled the selection of pro-
bable surface reactions occuring during thermodesorption. The EID
H ion originated from a surface complex (HCO)*, formed by H + CO >
(HCO)* and subsequently consumed by (HCO)* + nCO *H(CO)n.- The EID
Os ion had the same origin as the H ion. Isothermal decomposition of
(HCO)* followed first order kinetics with an activation energy of 30
kcal/mole.
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PART I
I N T R O D U C T I O N
In the past decade many advances in the experimental study of
chemisorption have been made. The production of ultra high vacuum
was a prerequisite to fundamental chemisorption studies because chem-
isorption occured almost as rapidly as impingement on the surface.
With the-advent of ultra high vacuum techniques, it was possible to
produce atomically clean surfaces and to reduce to adsorption rate
to a value that could be observed with available equipment. This
accomplishment enabled the development of new techniques for study-
ing chemisorption.
This work was concerned primarily with electron induced desorp-
tion (EID) using BID to clarify results from other techniques and
developing a new technique utilizing the EID phenomenon. The gases
chosen were hydrogen and carbon monoxide, the predominant residual
gases in stainless steel ion pumped vacuum systems. The substrate
chosen was platinum, an ionization gauge material whose EID charac-
teristics had not been determined. A single plane of a platinum
crystal was used, preventing complication of results by polycrystal-
linity.
The problems requiring investigation included: ,
a) What are the kinetics of adsorption and desorption of hy-.
drogen on platinum (111)?
b) Do hydrogen and carbon monoxide mutually enhance the ad-
V. •
sorption of one another on platinum (111) as they do on
some other catalysts?
c)- What, if any, is the surface reaction product formed when
hydrogen and carbon monoxide coadsorb on platinum (111)?
d) Can EID be used to determine the surface coverage of hydro-
gen and of carbon monoxide during adsorption?
The problem was approached by determining the chemisorption
<j
characteristics of hydrogen and carbon monoxide on platinum (111)
by the older techniques of adsorption and thermpdesorption, fol-
lowed by utilizing the EID technique in conjunction with the afore-
mentioned techniques to study the interaction of the mixed gases.
In addition, a new technique was developed, EID observed isother-
mal desorption, which contributed to the analysis of other data.
PART II
H I S T O R I C A L R E V I E W
A. Methods for the Study of Adsorption
1. Adsorption Technique of Measuring Surface Coverage
The "flash filament technique" and the modification of it referred
to as the "adsorption technique" in this paper, were first made pub-
lic by J. P. Molnar and C. D. Hartman at the M.I.T. Physical Electron-
ics Conference on the 1st of April, 1950. In 1953 the techniques were
explained in a paper published by 0. A. Becker and C. D. Hartman.1
Redhead has expanded the theory since then.
When a constant leak of gas is allowed to enter a vacuum system
that is being pumped at a constant rate, an equilibrium pressure, P
is attained. The situation is described by
= KP eq
where L = input leak rate (molecules sec."1)
RW = re-emission rate from system walls
K = 3.22 X 1019 molecules liter"1 at P- = 1 Torr and T = 300°K
S = pump speed (liters sec"1)
Sw = equivalent pumping speed of the system walls
If a clean substrate surface is introduced into the system at
equilibrium, it will adsorb gas, acting as an additional pump and
lowering the pressure. The pressure will rise again as the substrate
becomes covered with adsorbed gas. Figure 1 shows a typical adsorp-
tion determination. The amount of pressure drop is determined by
the pumping speed, area of the substrate and the sticking probability.
If the substrate area is equal to the area of the pumping orifice and
FIGURE 1
Typical Pressure versus Time Curve
during Adsorption of Carbon Monoxide.
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the sticking probability is unity, then the pressure will drop to
half the equilibrium value. This was approximately the case in
this determination. Introducing a second term into equation (1)
to account for molecules adsorbed by the substrate and a third term
for the PV change:
L + Ry = KP (S + \,) + vA s P + KV dP/dt (2)
where v = specific arrival rate of molecules at the substrate
(v = 3.70 X 1020 molecules cm"2 sec"1 for CO at
300°K and 1 Torr)
A = area of substrate (cm2)
s = sticking probability on the substrate
From equations (1) and (2),
\ s = (KV/vAP) [{(P - P)/T> - dP/d'tr (3)
or
s " (KV/vA-r) [(Peq/P) - 1] (3a)
when dP/dt «(PeQ - P)/T, which is the case except at the beginning
of the process. The pumping constant T = V/S, where V is the volume
of the system.
If the leak rate is doubled, the pressures P and P will be
doubled, and the time for the adsorption process will be halved.
The sticking probability is a quantity which characterizes the in-
teraction between individual molecules and the surface and is inde-
pendent of pressure. It is defined as the rate of chemisorption
divided by the arrival rate on the surface;
s = (da/dt)/vP
iy
where T is the surface coverage in molecules/cm .
If the rate of evaporation of molecules from the surface D, is
considered, the rate of chemisorption is found as
•
do/dt = vsP - D
•
Assuming D is negligible,
do = vsP dt
o(t) = v f sP dt
/.
= (KV/AT) [/ (PPO - P) dt + T(P - P)]
"
 q qts
..o(t) = (KV/AT) [/ (pe - P) dt] (4)
tS ~
where integration is from the starting time t to the finish time t^
in seconds.
The sticking coefficient and the total coverage may therefore be
determined from pressure measurements during adsorption by the sub-
strate.
2. Thermodesorption Technique of Measuring Surface Coverage
Thermodesorption refers to the desorption of gas from a solid sur-
face by a constantly increasing temperature. This technique was in-
troduced by Martinan and has since been expanded. ' The same ex-
perimental system is used as with the adsorption technique, the dif-
ference being in the temperature programming of the substrate.
The substrate is heated until all gas has been desorbed, then
cooled for the time required to obtain the desired dose. Next the
substrate is heated at a rate that is a known function of time. The
pressure will at first rise due to desorption of adsorbed gas, then
fall owing to the continuous pumping. A typical thermodesorption de-
termination has been traced to scale and is shown in Figure 13. In
the present work, the system constants were such that the pressure
rose about 5 X 10 Torr, irrespective of the dosing pressure. The
area under this curve will yield the original surface coverage, (mol-
p
ecules cm *•) prior to heating in the same manner as with adsorption:
/»tf
a0 = (SK/A) / (P - Peq) dt (5)
An examination of desorption kinetics provides additional infor-
mation, although ideal experimental conditions for their application
are seldom obtained. Consider a system which is being pumped at a
constant speed, and into which gas is being leaked at a constant
rate. At equilibrium, when the substrate, is not adsorbing, P'•= P"
and
L = KSPeq (6)
If now the substrate is heated and it is assumed that gas is desorbed
from the substrate but not adsorbed by any part of the system, then
AD (t) + L - KS + XV (dP/dt). (7)
Combining equations (6) and (7)
[d (P - Peq)/dt] + [(P - Peq)/t] = aD (t) (8)
where a = A/KV.
4The rate of desorption from unit surface area is
D (t) = (-do/dt) = vnan exp (-Ed/RT) ; (9)
where n is the order of the descrstion reaction,
f\
a is the instantaneous surface coverage (molecules cm ),
vn is the rate constant.
8and
Ed is the activation energy of desorption (cal mole ).
Solving equation (9) to f ind the temperature (T ) at which the
desorption rate is a maximum under conditions of linear heating,
i.e., T = TQ + t,
EVRTn = (v-,/8) exp (E ./RTn) : for n = 1 (lOa)u p i u p
and
Ej/RT? = {20^ /3) exp (E./RTj : for n = 2 (lOb)a p p c. Q p
where o is the coverage at T = T and v- is usually assumed to be
1013 sec"1.
This shows that T , the temperature at the peak of the desorption
P
curve, is independent of coverage for a first order reaction with
constant E^ and dependent on coverage-for: a second order reaction,-if
the temperature rise is slow compared to the ratio of pumping speed
to system volume.
For the case where the adsorbate exists in only one adsorbed
o
state, Redhead has shown that
a = aQ/e for n = 1 (lla)
and
ap ~o0/2 for n = 2 (lib)
Using these approximations and combining equation (9) with equation
(10), one obtains
E = (e Dp/a06) RTJ; : for n = 1 (12a)
= (4 Dp/o0B) RT^ : for n = 2 (12b)
and
vl = e V^ exp e °p Tp/ao3)
v2 = (4 Dp/a0) exp (4 Dp Tp/aQB) (13b)
where D is the rate of desorption at the peak of the desorption curve.
D may be found from equation (8). Since at the peak of the curve
d(P - Peq)/dt = 0, then
=(SK/A) (P.- Peq) (14)
There are several facets of thermodesorption that require caution.
The derivations given above apply to a single, desorption peak and to
the gas coming off the surface. It is tempting to assume. that the
species desorbing from the surface is the same species that was on
the surface before flashing. This is not universally true.
Further, multiple thermodesorption peaks are commonly observed.
3
This is attributed to multiple binding states on the surface. It
is' common practice to label these 1, 2, 3', ... and" 'proce"e'df With-
discussion about each state. A quantitative separation of the curves
and determination of coverage of each state is not always valid and
must be accepted as a crude estimate because thermally activated
2transition from one state to another during the flash is not unknown.
Thus, upon thermodesorption one might observe:
a) Desorption of the adsorbed species from the binding state it
existed in prior to desorption.
b) Desorption of the adsorbed species from a binding state it
transferred to at an earlier stage of thermodesorption.
c) A combination of a) and b).
d) Desorption of decomposition products of the adsorbed species.
e) In the case of mixtures of gases, desorption of species from
binding states that were the result of thermally activated interactions
at an earlier stage of the thermodesorption flash.
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3. Electron Induced Desorption History and Technique
When a beam of electrons impinges on a metal surface covered with
an adsorbate, neutral and positively charged particles of adsorbate
may be desorbed from the surface. This phenomenon has been variously
called electron stimulated desorption, electron impact desorption and
electron induced desorption. Its history is interesting partly be-
cause it has .been known for so long yet only recently investigated
.in detail. As an analytical tool it predates this work only a few
years.
Electron induced desorption of ions from the surface of an ion
source in a mass spectrometer was first noted by Dempster in 1918.6
In 1942 Ishikawa7 noted and discussed the electron induced desorption
of, neutral particles, but his: observations were- 1 mi-ted, to- pressure,
changes. Plumlee and Smith , in 1950, determined the efficiency of
0* evolution from a molybdenum surface to be about 10~8 ion/electron
at 300°K and found the desorbed ions had an energy of lOeV. (Licht-
man's terminology of subscript s to denote ElD particles will be used
in this paper.) Ten years later Young10 studied the release of 0*
from oxidized Cu, Ni, Mo, Ta, and Ti surfaces. A very careful study
was performed by Moore 'in 1961. He determined the effect of 20 to
300 volt electrons on carbon monoxide adsorbed on molybdenum and
tungsten surfaces. The carbon monoxide was dissociated, leaving car-
bon on the surface and producing 0* ions which were detected with a
mass spectrometer. Further work concerned with the effect on vacuum
systems of gas release from surfaces under electron bombardment, and
the effects on mass spectrometer ion sources was carried out by
Degras , Petermann , Marmet and Morrison14, and Davis15 in 1962-
11
1963 without a detailed examination of the process.
Redhead found serious errors in pressure measurement due to the
formation of positive ions by electron bombardment of chemisorbed
oxygen in Bayard-Alpert ionization gauges in 1963 and made a care-
ful study of the phenomenon in 1964 . Working at room temperature
and above, he found two states of adsorption of oxygen on molybdenum.
The energy distribution of the desorbed 0_ ions peaked.at 6eV and
1
 •:•*',- ' . !* ' 1 . * . ' O " " ''. •' "
the efficiency of production was 10 ion/electron. He was also able
to determine that 50 neutrals were produced for every ion produced.
The electron energy required to produce desorption agreed with cal-
culated values and he proposed a theory for the mechanism of electron
induced desorption.
1R - •Menzel and Gomer* -a'lsb-madei; a careful" study of electron induced
desorption in 1964 using the field emission microscope. They present-
ed a comprehensive theoretical interpretation of the phenomenon,
which was essentially the same as Redhead's proposal. Their theory
will be presented in section III of this paper under "Electron-Adsorbate
Interaction Theory."
The technique of observing EID ions is simple in concept. The
substrate is bombarded with electrons, commonly of-lOOeV energy. The
electrons may come from an electron gun or simply a filament mounted
close to the substrate. A grid near the substrate is biased negative-
ly to attract and draw out EID ions. The ions may then be totally
collected, providing quantitative yield data, or focused into a mass
spectrometer for ion identification and relative yield data. If ad-
sorbed particles can be desorbed by electron bombardment, then the
surface coverage can be followed by observing the EID current during
12
adsorption or desorption.
B. Previous Results for Hydrogen and Carbon Monoxide
f
Adsorbed on Transition Metals
Electron induced desroption studies or the use of the electron
probe surface mass spectrometer, as Lichtman calls it, on platinum
have been pursued only by Huber and Rettinghaus. Indeed since the
introduction of modern ultra high vacuum techniques, very little
fundamental research has been performed on platinum. This would at
first seem surprising until certain experimental factors are con-
sidered. Tungsten has been a favorite material to study when new
instruments and techniques are developed because it is generally
accepted- that- an atomi-oa-l-l-y- c-l-ean- tungs-ten surface* can be produced
by heating to 2200°K. Low melting metals can be difficult to im-
possible to clean in such manner.
Low-energy electron diffraction study, of CO adsorption on (100)
Pt by C. W. Tucker indicated that the CO molecule is adsorbed with
its linear axis normal to the surface. (The temperature of adsorp-
tion was not given.) Two surface structures of CO were found, ac-
cording to density of coverage,, the Tow coverage structure exhib-
iting strong attractive interaction between some molecules. The
high coverage structure could be converted to the low coverage struc-
ture by heating to 80°C and all structure disappeared at 200°C, in-
dicating either mobility or desorption.
?nMorgan and Somorjai u found in addition-, a work function decrease
of 0.45eV when carbon monoxide was adsorbed on (100) Pt, indicating
ah electron donating adsorbate.'
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Lewis and Gomer^ have studied carbon monoxide adsorption on plat-
inum by field emission microscopy. They found a physisorbed adsor-
bate below 55°K. Between 50°K and 250°K various rearrangements oc-
cured and around 375°K - 400°K either rearrangement without affect-
ing dipole moment or desorption without affecting work function oc-
cured. Above 400°K desorption from electronegative states occured.
The surface diffusion of chemisorbed CO at 300°K was of two types,
boundary free diffusion at low coverages and boundary diffusion at
high coverage. This was explained by proposing an energy spectrum
of adsorption sites. Diffusion was most rapid on the (111) plane
indicating the least number of tight binding sites. Lewis and Gomer
conclude that the behavior of carbon monoxide on platinum is complex
and puzzl i ng; It appears to > them that the-* entire- spectrum- of- GO*
adsorption involves only virgin or alpha like states.
PP
Sugita, Ebisawa and Kawasaki also found evidence of only one
"binding state on platinum when they exposed an evaporated film to
carbon monoxide and followed the electrical resistance with gas up-
take. They found 1.0 - 1.2 conduction electrons involved with each
surface bonds suggesting alpha type bonding. The structures of the
various types are:
0 0
ii in C = 0
c c / \
/ \ i M M
M M M
Virgin Alpha Beta
Eischens, Pliskin and Francis23 found- two absorption peaks in, the
I-R when silica supported Pt was dosed with CO. One peak was very
weak and was attributed to virgin CO by analogy with metal carbonyls
14
and the frequency shift involved. The strongest absorption was attri-
buted to alpha type adsorption.
Whether the virgin or alpha structure predominates varies accord-
ing to the physical form the platinum is examined in, i.e., silica
?4
supported, alumina supported, evaporated film, etc. Some work on
orfilms has shown both types of adsorption.
pc
Hydrogen adsorption on platinum has been studied by Mignolet
and Lewis and Gomer2' using FEM techniques. They found two forms of
adsorbed hydrogen, an electronegative layer that was chemisorbed
atomic hydrogen and and electropositive layer of molecular hydrogen
bound by charge transfer forces or Van der Waals forces. The electro-
positive layer desorbed from 200° to 250°K leaving the electronega-
tive layer which was observed'"ta deso'rB 'around""275°"- 300 K. The
hydrogen adsorbed on the (110) plane required somewhat higher tem-
peratures to desorb, 300° - 325°K. At high coverages the lowest
energy of desorption of the covalently bound hydrogen was about the
same as the highest energy of desorption of the molecular electro-
positive layer, thus the distinction between adsorbed atomic and
molecular hydrogen is blurred. Diffusion of the molecular layer
set in above 20°K while diffusion of the cpvalently bound atomic
hydrogen commenced at 100°K with an activation energy of 4.5 kcal.
At 300°K to 500°K incoming hydrogen was not rapidly accommodated
but diffused a considerable distance prior to dissociative chemisorp-
tion.
Flash filament studies o'f hydrogen on poTycfystalTine platinum
wire using an ionization gauge detector were carried out by Wiesen-
og
 ndanger . These revealed a single desorption peak around 190 C,
15
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reaching a maximum coverage of 0.29 in 30 minutes in 6 X 10 Torr
hydrogen. Longer doses exhibited a decline in the hydrogen peak and
a rise of a 350°C peak attributed to carbon monoxide. A shoulder
on the desorption curve at high dose times indicated that the desorp-
tion energy of hydrogen increased in the presence of carbon monoxide.
The sticking probability for hydrogen was determined to be 10" .
20Morgan and Somorjai did not find any. adsorption, of hydrogen-
on (100) platinum until the pressure was raised above 2 X 10 Torr
and the temperature raised to 500°C - 1000°C. They then found a
change in LEED pattern indicating a transformation from a (5X1)
surface structure to a (2 X 2) structure. The high temperature re-
quired was attributed to the necessity of preventing carbon monoxide
from the ambient from adsorbing.. The (2 X 2) structure formed by
hydrogen adsorption was stable and required a few minutes at 1200°C
in vacuo to remove. They also found that if trace amounts of car-
bon were present on the surface, it was impossible to generate the
(2 X 2) diffraction pattern. Mention was made that the co-adsorption
of H and CO produced a surface structure different from those formed
by the chemisorption of CO or Hp alone.
?9Huber and Rettinghaus are the only, other workers to investigate
hydrogen and carbon monoxide adsorption on platinum by means of elec-
tron induced desorption. Their work was mostly at 2 X 10 Torr
residual hydrogen pressure, and a rather high electron current densi-
ty of 10"4 Amp/cm on polycrystalline platinum. Residual gas analy-
sis was not given, and surface coverage determinations were not at-
tempted but rather they assumed a sticking probability of unity for
3 - 2hydrogen (as opposed to 10 - 10 found in this and other works)
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and assumed that carbon monoxide had no influence on hydrogen adsorp-
tion which is also contrary to this and other work. Examination of
the HS ion current showed it to be independent of hydrogen pressure.
This was interpreted as the result of hydrogen adsorbing into "State
I" followed by transition to "State II" on special sites that occupy
_•»
about 10 ° of the surface. Since their electron beam current was
high, extensive desorption due to electron bombardment occured. This
resulted in a "lower equilibrium" value of H* and an "Upper equilibri-
um" value, obtained by pulsed electron beam technique. The changes
of these values were studied as a function of bombardment times and
gas exposures. The results were explained on the assumption that
surface diffusion of hydrogen is slow but increases after extended
electron-bombardment. Of particular interest is' the fact that they
found EID CO*. Other transition metals reported in the literature
exhibited only 0* from CO coverage. This is attributed to the high
binding energy of CO on transition metals, making dissociation of
the molecule easier than desorption, as an ion. Predictably, the
C0$ current disappeared upon heating to a rather low temperature of
250°C. Th'e 0* ion was not observed in their work. The nature of
the experiments performed by Huber and Rettinghaus, dictated by the
limitations of their system, do not lend themselves to direct com-
parison with the experiments performed in this work.
The interaction of hydrogen with molybdenum has been studied by
Pasternak and Wiesendanger^ using thermodesorption and ion gauge
techniques. They found that the saturation coverage of hydrogen was
independent of pressure but strongly dependent on substrate tempera-
ture. The maximum coverage at 225°K was 1.4 X 10 atoms/cm and
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about half this value at room temperature (300°K). The thermodesorp-
tion spectrum showed a single desorption peak for 300°K dosing. When
the substrate was dosed at 225°K a very well defined second desorp-
tion peak appeared, equal to the original higher energy desorption
peak. This was interpreted as the formation of two layers of gas,
each of which contained close to two hydrogen atoms per molybdenum
atom. The sticking probability for the first layer was 0.35. The
adsorbed hydrogen was readily replaced by nitrogen at room tempera-
ture.
Lichtman^ was able to follow the surface coverage of hydrogen
on molybdenum by observation of the H* Ton current, and the coverage
of carbon monoxide by the 0^ ion current.
The-EID H* ion current resulting,from hydrogen dosing of nickel
?i +(100) was studied by Lichtman, Simon and Kirst: The HS ion current
described a rise, peak and decline as hydrogen coverage increased.
-Jhis was interpreted as adsorption into a weakly bound molecular
state followed by transfer to a strongly bound atomic state. Williams
3? +
and Gasser^ found a monotonic increase in HS ion current when poly-
crystalline nickel was exposed to hydrogen. The H* ion current re-
mained constant when saturation coverage was attained. If, however,
small amounts of carbon monoxide were introduced, the H ion current
increased. This was interpreted as an increase in the desorption
cross section of hydrogen caused by coadsorption of carbon monoxide.
No mechanism for this effect was proposed. (Their work was reported
after the-experimental work for this pap.er was completed.)
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C. Original Plan of Investigation
The EID literature indicated that the EID ion current was propor-
tional to surface coverage and that H* ions came from adsorbed hydro-
o
gen and 0* ions came from adsorbed oxygen or carbon monoxide. From
that information it was assumed that it would only be necessary to
calibrate the H* ion current by running a thermodesorption coverage
determination after equilibrium H* ion current was obtained with hy-
o *
drogen dosing, then utilize the H* ion current to determine coverage
versus time. Repeating this at several pressures would provide all
the information needed to determine the kinetics of adsorption of
hydrogen. Since this technique would produce a continuous plot of
coverage versus time it would be more desirable that making point by
point determinations, as required by the thermodesorption technique.
After determining the adsorption characteristics of hydrogen and
carbon monoxide, the adsorption properties of gas mixtures could be
determined in like manner. It was hoped that any reaction products
could be observed either by their EID signal or by thermodesorption.
Since a mass spectrometer was being used as a detector, the composi-
tion of any reaction products could be determined.
19
PART. Ill
T H E O R Y
A. Electron - Adsorbate Interaction Theory
If a metal, M, covered with adsorbed gas atoms, A, is bombarded
with electrons, the adsorbate may be desorbed from the surface in the
form of positive ions, ground - state neutral atoms or excited neu-
tral species. Conversion of the adsorbate from one binding state to
another has also been observed. In the case of adsorbed molecules,
fragments of the molecules may appear. If low energy electrons (<
500eV) are employed, this phenomenon cannot be explained by momentum
10
transfer, with the possible exception of physically adsorbed gases.
A mechanism for the production of neutral and ionic desorbed
species has been propos.ed; independentfy".by Redhead^ and' MeWel and
18Gomer . They propose electronic excitation from a ground state to
an ionic repulsive state. This is shown in Figure 2 where the lower
». .
curve is the potential energy of interaction between a metal adsor-
bent M and an adsorbate atom A and the upper curve is that of the
oo
metal and the ionic form of A. The binding energy of the atom A
is represented by the distance E^A) while I(A) represents the ioni-
zation potential of the free atom. The range of internuclear separa-
tio'n in the ground state is shown by the widths of the shaded band.
Since the internuclear separation and velocity will not significantly
change during an electronic transition, according to the Frank-Condon
principle, electronic transitions from the ground state to the ionic
state will be within the shaded area. Initially the bombarding elec-
tron causes a transition from the neutral to the ionic potential
20
FIGURE 2
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A, and between M and the Ion A. The
PDD is the Square, of the Wave Function
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energy curve. The adsorbed ion may then undergo (1) de-excitation to
the original neutral adsorbed state through Auger neutralization, or
tunneling of an electron from the substrate to the adsorbed ion, (2)
desorption as an ion with kinetic energy greater than zero, (3) de-
sorption as a neutral when sufficient kinetic energy for desorption
o
is acquired by the ion prior to Auger neutralization, or (4) de-exci-
tation to a neutral adsorbed state different from the original. Sev-
oo
era! other possibilities have been suggested by Madey and Yates °
as shown in Figure 3. Here the potential energy curve for the anti-
bonding (M + A)a state Is included. Transition to the antibonding
state would produce a desorbed neutral. It is also possible for the
(M + A + e") ionic state to be positioned so that the Frank-Condon
region intercepts only the attractive porti'dn" of the curve. In this
case excitation from the ground state to the (M + A+ + e") ionic
state would not result in the desorption of ions. If excitation from
the ground state to the repulsive part of the metastable state (M + A*)
occurs, however, either a metastable species may desorb or an adia-
batic crossing to the ionic curve (M + A+ + e~) may occur, resulting
in desorbed ions.
These are only the simpliest of many possibilities, as suggested
by the fact that the curves in Figure 3 are only the lowest members
and the ground state.
Several theories for predicting the minimum energy an electron
must have to produce an EID species have been offered and found to
fit experimental results quite well. Redhead17 has proposed' that in
case of a diatomic molecule, Ap that is dissociatively adsorbed, the
threshold energy of bombarding electrons to produce an A ion of zero
22
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kinetic energy at distance d = » is
VT(o)=I(A)+Ed(A)'
Experimental results for CO/W34 and 02/Mo17 verified this prediction.
In practice, only those ions are detected that have a kinetic energy,
EJ, greater than zero. If the effective mass of the surface is much
greater than that of the ion liberated, then conservation of momentum
requires that the liberated ion possess virtually all the kinetic en-
erby. Thus the threshold energy becomes V-j- = Vj?Q\ + E^ = energy of
bombarding electron. This has been experimentally verified.
The majority of excited adsorbed ions undergo de-excitation re-
sulting in 10 to 100 times as many neutrals as ions ejected from the
surface. Menzel and Gomer*8 have presented a quantum-mechanical model
proposing that the Auger neutralization or tunneling of an e-lec4ron
from the substrate to the adsorbed ion is responsible for this phe-
nomenon. This neutralization is exponentially dependent on substrate-
'adsorbate distance causing the yield of EID ions to be dependent on
this factor.
The ion current produced by EID is directly proportional to the
electron bombardment current. This linear relation is valid, of
course, only when bombarding current is so low that the rate of re-
moval of adsorbate is less than the rate of replacement, or insigni-
ficant in the time interval of measurement. Thus, for ionic desorp-
tion
where i+ is the ion current, I the electron- bombardment current,-
?
a the population of adsorbed species (atoms or molecules/cm ) af-
, n
fected and Q is the cross section for ionic desorption (cm).
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-18Typical total cross section values for ionic desorption are 10 to
-23 210 cm , where typical total cross sections for ionic and neutral
species taken together are commonly 2 to 3 orders of magnitude larger.
The cross section has been observed in some cases to increase
with temperature. This is attributed to the fact that at higher
temperatures the increase in thermal vibration increases the average
substrate-adsorbate distance, thus decreasing the Auger neutralization
probability and increasing the ion yield.
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PART IV
E X P E R I M E N T A L
A. Apparatus
The electron probe surface mass spectrometer, as Lichtman calls
•31
it, is not an instrument that can be purchased. At present, there
is no agreeded "best design" and most instruments reported in the
literature are "one of a kind" models. The two desiderata in the
design of the instrument used in this laboratory were 1) that a
monopole mass spectrometer be used for a detector and 2) that a well
defined beam of electrons be used. Since the system used was "one
of a kind," the essential details will be described.
1. The .Vacuum System
The vacuum, chamber, was. constructed. fr.om 304 stainless s,tee.l
pipes, welded together by the Tungsten Inert Gas method. Sexless
^ultra high vacuum flanges, made of 303 stainless steel and sealed
with copper gaskets were used throughout. A flange mounted pyrex
window enabled observation of the internal components. The volume
of the experimental chamber was 1.9 liters.
Pumping of the system was accomplished with a combination 25 1/s
triode ion pump and 550 1/s titanium sublimation pump (GE 22TP217).
Determination of surface coverage by the thermodesorption method
required accurate knowledge of pumping speed. Constancy of pumping
speed was assured by an orifice 1.03 cm in diameter between the ex-
perimental chamber and .the pumps. The calculated conductance: of the
orifice was 9.96 1/s for CO and 37.2 1/s for H2- This was a value
small compared to the measured speed of the pumps. The system base
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pressure was 4 X 10"10 Torr.
The only gauge on the main chamber was a Bayard Alpert type ioni-
zation gauge (GE Model 22GT102) which communicated with the chamber
through a short tube of greater diameter than the gauge grid, thus
minimizing the pumping effect on the indicated pressure.
2. Gas^  Dosing System
The dosing gases were obtained from high pressure cylinders.
Pressure regulators were attached directly to the cylinders and the
low pressure output led to a gas manifold consisting of a length of
stainless steel tubing. All connections were hard or soft silver
soldered. The gas manifold had a thermistor type pressure gauge
brazed to it and communicated to a Hoke valve and a Varian leak
valve. The -Hoke val^ve was used to evacuate, the line and pressure
regulator with a mechanical pump. The leak valve was mounted on
a small chamber consisting of a 90° cross (X) connector with four
flanges. One flange was blanked off, another terminated with a
Bayard Alpert gauge identical to the type on the main experimental
chamber, and the fourth flange connected this "forechamber" to the
main experimental chamber through an orifice. The orifice was made
by replacing the copper gasket between the flanges with a copper
disk in which a tapered edge orifice of 1.61 mm diameter had been
machined. This had a calculated conductance of 0.91 1/s for H£ and
0.24 1/s for CO. The schematic of the dosing system and forechamber
is shown in Figure 4.
3. Component Configuration
Figure 5 is a top view schematic of the experimental chamber with
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FIGURE 4
Schematic of Gas Dosing System and
Forechamber.
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FIGURE 5
Schematic of Electron Induced De
sorption Apparatus.
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its major components. The mass spectrometer was supported from its
flange. The electron gun, substrate support assembly and EID ion
lens were made from 2.54 cm squares of 304 stainless steel with holes
punched in the corners. These were assembled on 1.25 mm alumina rods
with alumina spacer tubes and secured with spring loading against tung-
sten spring nuts that made a tight sliding fit on the rods. These com-
ponents were part of an E.A.I. (Electron, Atom, Ion) Kit which was de-
veloped by C. K. Crawford and C. E. Woodward at the Massachusetts In-
stitute of Technology. •"
The central assembly was a 2.54 cm cube referred to as the "cage."
The substrate was a platinum ribbon 3 mm wide, 0.05 mm thick and 1.8
cm long, welded to 1.5 mm tantalum wire supports and mounted in the
center of the cage with its plane lying in the (.110.). plane of the
cube, as shown in Figure 5.
The electron gun assembly was mounted on one side of the cube
.and the ion lens assembly was mounted on an adjacent side. The sides
opposite these were covered with nickel screens. The ions released
from the substrate were drawn toward a 1.25 cm diameter hole in the
side of the cage by the "EID Draw Out" screen, spaced 1 mm from the
cage. After passing through this screen they encountered a cylin-
drical "EID Focus" lens mounted on the mass spectrometer ion source
assembly, just above the ion source cage. . :
4. Instruments and Accessories
a) The Mass Spectrometer. The detector of EID ions was a pro-
totype monopole mass spectrometer (General Electric) which could de-
-13tect about 10 Torr of static partial pressure. The mass spectro-
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meter consisted of three basic sections:
1) An ion source which ionized gas phase molecules by electron
impact within a screen cage, accelerated the ions, and focused them
on the analyzer entrance. (The ion source was not used when detec-
ting EID ions.)
2) An analyzer which allowed only ions of a given e/m ratio to
pass through.
3) A detector consisting of'a 10-stage electron multiplier with
the associated voltage dropping resistors attached so that only three
vacuum feed throughs were necessary. The gain of the detector was
estimated at 105 with 300 volts/stage bias.
The multiplier output was converted from current to voltage by a
Keithley Type 610R Electrometer. This provided a 0 - 10 volt signal
wh.ich was recorded by;a Mpsetey X; - Y recorder.
The mass spectrometer was also used to measure partial pressures.
-3For this purpose the ion source was operated with 3 X 10 amp emis-
: '^ T*& ' . - • « , - " . •
sion current at 50 volts electron energy and 9eV ion energy.
Detection of EID ions required that the mass spectrometer ion
source be biased differently with no electron emission. This was
accomplished with two sets of bias controls and a switch to select
between them.
In the "EID mode" of operation the substrate and cage were +25.6
volts with respect to ground and the EID Extract and Focus electrodes
at -225 volts. The mass spectrometer draw out lens was at -300 volts,
ion source anode at ground and fo.cus lens at +67 volts.. The electron
gun operated from a floating supply of 102 volts from cathode to
anode and cage. Figure 6 is a schematic of the electrode system.
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FIGURE 6
Schematic of the Electron Gun,
Substrate-Cage, and Ion Lens
Assembly.
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b) The Electron Gun. Several electron guns were constructed
and tested for beam homogeneity with a fluorescent screen. The most
suitable design proved to be a relatively short gun consisting of a .
Pierce type electron gun^ followed by an einzel lens. The cathode
was a directly heated 1 mm wide rhenium ribbon. The gun gave an
electron beam 1 mm X 10 mm in cross section. An einzel lens was
used for focusing without affecting the beam energy. The beam cur-
rent was regulated by a feed back circuit controlling the cathode
power supply.
The electron gun emission control was made by modifying a tran-
sistor controlled power supply originally manufactured by I.B.M.
Figure 7 is a schematic of the circuit used. A zener controlled con-
stant voltage wa's ap-plt'e'd' to RJ wh'ich provided* a variable reference-
supply. The total emission current of the electron gun passed through
variable,resistor R2> developing a voltage drop proportional to the
emission current. This voltage drop was matched against the reference
voltage from Rj and the difference applied to the base and emitter of
transistor T, through resistor R3 in series with the filament. Tran-
sistors T., T2, and T_ constituted an extended Darlington circuit
and operated to increase the current in the filament if the base of
TJ was positive to the emitter. It is seen that there were two con-
trol parameters involved in this circuit. Neglecting R3, P^ and R2
constituted an emission control. The reference voltage from R, would
cause the filament current to increase until the emission current
caused the voltage drop in Rp to increase to a value about 0.4 volts
less than the reference voltage. This design did not protect the
filament from destructively high currents and some filaments were
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FIGURE 7
Electron Gun Emission Controller
Circuit.
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subjected to such. The addition of R^ provided current limiting con-
• - O . _ _ _
trol. If there was no voltage drop across R? then R and R- caused
X %3 ^
the supply to operate as a constant current source. Filament cur-
rent developed a voltage across R^ which opposed the reference volt-
age from R , thus limiting the maximum current the filament experienced.
c) The Substrate Temperature Programmer. The substrate tempera-
-r '
ture controller was also.made from a modified IBM power supply. This
is shown in Figure 8. The substrate was in a bridge circuit that was
balanced with R,. Two modes of operation were possible. First, with
the non-inverting input of control amplifier A., grounded, current
would be supplied to the substrate until the bridge came to balance,
thus R, was a temperature setting control. The mode of operation
most desired was to provide a linear rise in temperatureWith time.
This could have 'been most perfectly accomplished by a mechanical
drive of R^. Providing for an initiation of rise upon command, a
variable rise rate, holding at a given temperature for a variable time
period, and instantaneous return to room temperature setting would
require extensive mechanical design that was judged to be infeasible.
Alternatively, an all electronic bridge balancing circuit might have
been used but no designs of such could be found and the level of
electronic engineering required to design such a circuit was beyond
the competence of the experimeter.
The design used was based on the observation that providing a
programmed current to the bridge, balanced at room temperature,
such as to cause a linear rise in substrate resistance, with time,
resulted in a bridge output that increased as the square of time.
Amplifiers A2 and l\^ were connected as two integrators in series.
FIGURE .8.
Substrate Temperature Controller
and Programmer Circuit.
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The rate of temperature- rise was determined by the input voltage from
R3 which was integrated by A». The linearly rising voltage output of
A£ was integrated by A3 providing an output voltage that increased as
the square of time. The fraction of this voltage used for control
purposes determined the maximum temperature and was obtained from R2>
This voltage was fed to the non-inverting input of A., causing the
substrate current to increase until the bridge.output, connected to
the inverting input of A,, was equal to it. This design was not
without defects, the chief one being that the substrate temperature
at a given time after starting the program was a function of the
initial substrate temperature and the temperature of the substrate
support leads. The system also proved to be badly non-linear. At
the time of construction,, alternative methods of avoiding the use of
a thermocouple on the substrate, such as infra-red detectors or ana-
log computer elements were excessively expensive.
B. Materials Used ,
1. Substrate Preparation and Characterization
The substrate was made, of platinum guaranteed to be 99.99% pure
by Engelhard Industries and rolled into ribbon form by the H. Cross
Company. The analysis of impurities was not available. The sub-
strate was 1.8 cm X 3 mm X 0.05 mm thick and was welded to 1.5 mm
diameter tantalum supports with two 0.05 mm potential leads welded
on either side of the center half of the ribbon. The ribbon was
heated to about 1200°C in vacuum for several days, then examined by
X-ray. The entire flange and substrate support assembly was mounted
on the X-ray machine so that the substrate could remain undisturbed.
37
Three back reflection photographs were taken along the length of the
substrate. All three were identical hexagonal star patterns, indi-
cating that the (111) plane was parallel to the surface and that the
substrate was wither a single crystal or several crystals with very
slight differences in orientation. This phenomenon has been observed
by others.^
The substrate was cleaned of carbon by heating to 1200°C in 10"5
to 10 Torr of oxygen for about four hours. This procedure was re-
peated until only a single flash desorption peak was obtained with
carbon monoxide or hydrogen. Since analysis of very high purity
platinum used by other workers •*»39 showed 60 p.p.m. copper as the
only detectable impurity, it was likely that some copper may have
been present in this substrate. H. B". Lyon and G. A. Somorjar de-
fine a clean surface in LEED studies as one in which the concentra-
tion of impurities is below the detection limit of the technique.
They further stipulate that:
"There should also be no change in the
mass spectrometer trace which is due
'-i to the sample surface when it is heated
to elevated temperatures at which layers
of substrate atoms may be removed by
vaporization."
This criterion was met. Heating the substrate resulted in Na, K, Cl,
and F emission when it was new. With ageing and prolonged heating
the concentration of these elements approached the limit of detecta-
bility. Further proof of purity or cleanliness was not possible
with the system available.
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2. Preparation of Gases
As stated in section IV A2, the gases were obtained from high
pressure cylinders. Reagent grade gases were purchased in lecture
bottle cylinders from the Matheson Company. These were used direct-
ly without further purification. The justification for this was the
fact that the system incorporated a mass spectrometer and no impuri-
ties v/ere detected with this instrument. This' is not to say that
there were no impurities, but rather that they were not measurable.
The ion pump had a characteristic of re-emitting previously pumped
gases when a new gas was admitted to the system. Thus, admission of
oxygen to a pressure of 1 X 10~5 Torr caused the argon pressure to
rise to 1 X 10"^  Torr. Admission of carbon monoxide to the system
which had been at residual .pressure for a day or so caused the hy-
drogen pressure to rise in like amount. This burst of hydrogen
would decline within a day to a value approximately the ultimate
pressure. In analytical mass spectrometry these difficulties are
obviated by not using ion pumps and by sampling at a high pressure
In the 10 Torr range so that the residual gases are of no conse-
quence. The system was seldom taken above 1 X 10 Torr because of
the pump down time required after such treatment; also, at high pres-
sures chemisorption occured too quickly to follow with the recording
equipment. When the system .was taken to high pressures no impurities
were observed in the gases used.
Gas mixtures were custom prepared by the Matheson Company and
used as received.
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C. Techniques of Measurements and - - -
Experimental Manipulations
1. Purging of Gas Lines
The first step in all experiments was to insure that the desired
gas was admitted to the system. The gas cylinder was connected to
the pressure regulator and determined to have a leak tight connection.
A rotary vane vacuum pump was connected .to the gas manifold via the
Hoke valve. The gas cylinder valve was kept closed and the pressure
regulator set at an arbitrary high setting. The Hoke valve was
opened and the gas lines evacuated. Then the Hoke valve was closed
while the gas cylinder valve was opened. This was done to insure
that the lines were not under vacuum without active pumping, as this
would allow air to leak in through the-seals of the pressure regula-
tor. After the gas line was pressurized the gas cylinder valve was
closed and evacuation begun again. This procedure was repeated five
times. Thereafter the gas lines were kept at a pressure of about
5 p.s.i.g.
2. Pump Speed Determinations
The conductance of the pumping orifice was determined for hydro-
gen and carbon monoxide only. The gas flow followed the sequential
path of leak valve, forechamber, orifice, experimental chamber, and
orifice to pump. The first-orifice was 1.61 mm in diameter and had
a calculated conductance, C, of 0.91 1/s for H2 and 0.24 1/s for CO.
lonization gauges on both the forechamber and the experimental cham-
ber gave the pressures on either side of the orifice. From these
readings the pump speed S could be determined from
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s = [(P1/p2) - i] e
3. Thermodesorption Determination
The first step in running a thermodesorption determination of
surface coverage was to obtain the desired pressure of the desired
gas and a constant pumping speed. Starting with the system evacuated
to its ultimate pressure (4 X 10 Torr)., the leak valve was opened
until the desired pressure was obtained. Since this results in out-
gassing of other gases from the walls and a change in environment
for the ion pump, the pressure would change soon after the leak was
set. The leak valve was readjusted frequently for the first half
hour and at longer intervals thereafter until the pressure, pump
speed, and the mass spectrum were constant. This was usually accom-
plished in six hour-s to a day. The substrate was then hea-ted to
1250°C for ten seconds every five minutes for an hour. Then the
flash spectra were determined by recording the pressure versus time
during a five second rise to 1250°C. Various damping constants were
tried until maximum damping without adverse effect on the recorded
signal was obtained. The flash spectra were then recorded repeatedly
every five minutes until equilibrium was achieved and the traces
coincided. The system was then ready to run thermodesorption experi-
ments. The substrate was flashed by raising the temperature"to 1250°
C in five seconds, holding it at that temperature an additional five
seconds, then cooling. Upon cooling, the time was recorded and the
substrate was allowed to "rest" for the desired dosing time. At the
end of the dosing time the temperature programmer was activated along
with the time scan on the X - Y recorder and the pressure was recorded
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as a function of time during the period of temperature rise. This
gave one datum point. If the dose time was less than five minutes,
then the substrate was allowed to rest (so that the substrate sup-
port leads could cool) until 4 minutes 50 seconds after the termina-
tion of the preceding flash. The procedure was then repeated for
the next determination. If the dose time had been five minutes or
more then the termination of the flash signaled the beginning of the
next dose period.
During the dose periods the leak valve was trimmed to maintain
the desired pressure, the recorder zero set was adjusted as necessary
and the mass spectrometer mass setting was peaked up.
4. Adsorption Measurements
Setting up for adsorption measurements was, similar to thermode-
sorption procedure. Once the system was at equilibrium at the de-
sired pressure, the detection and recording system was adjusted to
give about 3/4 full scale recording at the prevailing pressure. The
recorder was set operating in the pressure versus time mode, with
the time scan much slower than was used for thermodesorption work.
The temperature of the substrate was then raised to about 1250°C
and held. The pressure would rise during the thermal cleaning of the
substrate, then decline to near the equilibrium value. At this point
the substrate heating power was terminated. In this system the area
of the substrate was about equal to the area of the pumping port;
thus when the substrate cooled, if the sticking probability of the
gas were unity, the pressure would decline to about half the equili-
brium value, since the effective pumping speed would be doubled. The
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sticking probability declined as the"substrate was covered"witlrad-
sorbate, allowing the pressure to rise. When the substrate was com-
pletely covered it no longer adsorbed and the pressure returned to
the equilibrium value. In general, adsorption determinations were
avoided at pressures below 5 X 10"9 Torr CO as more than 1500 seconds
would be required for the pressure to return to equilibrium. Long
runs tried the stability of the leak value and ion pump, often re-
sulting in undeterminable equilibrium pressures. Several determina-
tions were made in sequence until successive identical results were
obtained.
5. Electron Induced Desorption Determinations
a) Adsorption. An "EID Adsorption" is the process of following
surface coverage, upo.n adsorption ;of a gas,,., by observing^ the EID ion
yield from the surface. The system was brought to equilibrium as
described previously. During that time the electron gun power sup-
plies and control units were brought to thermal equilibrium. The
electron energy was set at the desired value, usually the full supply
voltage of 102 volts. The substrate was disconnected from the sub-
_i
strate power supply and a 0-5 microammeter inserted in series be-
tween it and the positive side of the electron energy supply. After
setting a desired beam current, usually 10 ampere, the focus control
was adjusted for maximum substrate current. The beam current was
then readjusted. The only additional attention required by the elec-
tron gun system was to readjust the beam current periodically, as it
drifted.
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The mass spectrometer was tuned to the appropriate mass value and
the electrometer and receding systems set operational. The substrate
was thermally cleaned in the manner used for thermodesorption deter-
minations > then cooled. The recording system was started simultane-
ously with cutting the power to the substrate and the EID ion cur-
rent was measured versus time. As with other determinations this
was repeated until consistent results were obtained.
b) Thermodesorption. An "EID flash" or thermodesorption deter-
mination was essentially identical to that described in section IV C3
except that EID ion current was measured instead of pressure. This
resulted in a graph of EID ion current versus temperature. The cur-
rent declined to the background level when the species that was the .
source of the EID current desprbed from the surface or decomposed.
c) Isothermal Desorptiqn. An "EID Isothermal Desorption" is a
determination of the relative surface coverage of EID active species
versus time while said species is desorbing from the surface at a
fixed temperature. The substrate temperature programmer was deacti-
vated and the temperature of the substrate was controlled by maintaining
fi ' '
bridge balance. The bridge balance potentiometer was set at given
dial readings and for each the substrate current and voltage was de-
termined. This enabled a calculation of substrate temperature and
calibration of the bridge balance potentiometer.
The,system was brought to equilibrium, as described under section
IV C3, but with the electronics set to determine H* ion current. The
substrate was dosed until maximum H* current was obtained, then the
substrate power supply was activated. This brought the substrate
temperature up to the preset value in 0.7 second and desorption
44
commenced. The H* ion current was plotted as a function of time after
activating the substrate power supply.
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PART V
R E S U L T S
This research involved several experimental techniques and chemi-
cal environments. The data from any one experimental technique were
inadequate to arrive at the final analysis; therfore compilation of
?
data from several experimental techniques was required. In this
paper the results from each experimental technique are presented in-
dividually, then in section V I graphical compilations of some data
is presented. The discussion section is arranged according to the
various chemical systems and calls upon data from the results section
as required. ,
A. Adsorption Experiments
The adsorption technique did not work with hydrogen, owing to its
low sticking probability. Carbon monoxide, on the other hand, adsorb-
ed fast enough to produce a large pressure change yielding good "large
signal" data. The adsorption kinetics, sticking probability and satu-
ration coverage of carbon monoxide were determined by the adsorption
technique. c-
1. Carbon Monoxide Adsorption from Pure Carbon Monoxide
Figure 1 shows the form of pressure versus time data obtained
during adsorption on a freshly cleaned substrate. The area above
these curves was subjected to step-wise integration with respect to
time to obtain coverage as a function of time. This v/as plotted as
fractional coverage 9, versus carbon monoxide exposure tP , as shown
in Figure 9.
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The coverage as a function of time determinations-yielded the
rate of adsorption da/dt, as a function of the molecular flux to the
surface vp, at various fractional coverages. The average results of
six determinations at equilibrium pressures of 4 X 10 , 8 X 10~9,
and 2 X 10"^  Torr of carbon monoxide are presented in Figure 10.
The slope of the lines in Figure 10 is, by definition, the stick-
ing probability. From these the sticking probability as a function
of coverage was determined, as shown in Figure 11. The average ini-
tial sticking probability was 0.76.
Determinations at coverages less than 0.29 were unreliable owing
p
to experimental difficulties such as cooling time of the substrate
and outgassing of the substrate supports if the substrate was heated
for a sufficient time to obtain steady equilibrium pressure. The
maximum surface coverage indicated in Figure 11 is 7 X 10^ molecules
?cm . This is an average value. Redhead, and others, define 9=1
-as the maximum coverage obtained. Noting that the population of pla-
tinum (111) sites is 1.5 X 10*^  atoms cnf^ and that carbon monoxide
?4
commonly makes two bonds to a metal surface, the value of 7.5 X
14 910 molecules cm"^ was chosen to define 9 = 1 . This is not signifi-
~j
cantly different from the experimental value. The ionization gauge
with which the system was calibrated had a stated accuracy of ±10%
and the effective area of the substrate could not be ascertained to
better than ±10% because of the cold end effect:
The average saturation coverage found was 0.939 and the maximum
coverage found in a single determination was 0.979.
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FIGURE 9
Carbon Monoxide Coverage on Platinum
(111) as a Function of Torr-Second
Exposure.
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FIGURE 10
The Rate of Adsorption of Carbon
Monoxide Versus the Molecular Flux
to the Surface at Various Fractional
Coverages.
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FIGURE 11
The Sticking Probability of Carbon
Monoxide on Platinum (111) as a
Function of Coverage.
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2. Carbon Monoxide Adsorption from Mixtures of Hydrogen and Carbon^
Monoxide
The adsorption of carbon monoxide from mixtures of hydrogen and
carbon monoxide at various pressures was determined. The compositions
of four such mixtures is given in Table I, page 67. Figure 12 pre-
sents the coverage versus dose data for carbon monoxide in these
mixtures. The average maximum coverage was 0.43 with an average
maximum sticking probability of 0.68.
A single flash determination at 2 X 10~8 Torr Mixture C after 12
hours dose yielded a coverage of 0.529. This was the maximum coverage
observed in mixtures.
B. Thermodesorption Experiments
1. Adsorption of Hydrogen from Pure Hydrogen .
Thermodesorption of hydrogen resulted in a single desorption peak.
Since the thermodesorption spectrum in hydrogen-carbon monoxide mix-
tures was different from that in pure hydrogen, the desorption peak
in pure hydrogen was labeled a- hydrogen. Figure 13 is a copy of
a typical result in pure hydrogen. In general the T value for a -
hydrogen declined with coverage and was in the range of 210°C to 270°C.
The desorption curve was more nearly symmetric than that of the first
order desorption of CO.
Observed asymmetry is attributed to heating of substrate cold ends
and support wires as well as to wall effects, which are usually en-
countered in systems that experience pressure changes.
The possibility that tailing could be attributed to solubility
of hydrogen in the substrate was considered. Ebisuzaki, et al
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FIGURE 12
Fractional Coverage of Carbon Monoxide
as a Function of CO Exposure in Pure
CO and Mixtures of CO + H-
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FIGURE 13
Thermodesorption Spectrum of Hydro-
gen from Platinum (111). 2000 Sec-
-9
ond Dose in 5 X 10 Torr Hydrogen.
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have determined the solubility and diffusivity of hydrogen in single
crystal platinum with the (100) plane parallel to the surface. They
found that the diffusivity D = (6.0 ± 3.5) X 10~3" exp~Ri79~±~T.O
kcal/RT) in the range of 600°K to 900°K. Although they used an ultra
high vacuum system and mass spectrometic detection techniques, the
detection sensitivity was inadequate to make determinations at lower
temperatures. Assuming the value determined is applicable at 300°K,
D300°K = 3*24 X 10~7' For the sut>strate thickness used in the present
n j
work, 0.002 in., this gives a relaxation time T = X^/TT D = 7.8 seconds.
Ebisuzaki, et al determined the solubility from permeability and dif-
fusivity measurements to be S = H/Pt = 1.2 X 10~3 exp (-11.0 kcal/RT).
At 300°K this yields S = 1.29 X 10"11 at 1 atmosphere. Since the
solubility of hydrogen in platinum is proportional to the square root
of the pressure 42, the value at 1 X 10"8 Torr is S = 4.68 X 10"17
H/Pt. For the substrate under consideration, the mass was 9.1 X 10~3g.
... . . . o 3 '
Thus the number of hydrogen atoms dissolved at 300 K is 1.31 X 10 ,
an insignificant amount.
No hydrogen atoms could be detected with the mass spectrometer
at substrate temperatures below 1230°K. This suggests that desorption
is associative,
H(ad) + H(ad)-* H2(ad)-"H2(g)'
following second order kinetics. Second order desorption of diatomic
i gases that are dissociated upon adsorption is common.
I .
The results of the thermodesorption determinations were plotted
i as fractional coverage, 9, versus time, as shown in Figure 14. In
this case, 19 is defined as 1.5 X 10 H/cm^, that is, one hydrogen
i atom per platinum site.
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FIGURE 14
Fractional Coverage of Hydrogen as a
Function of Time in Various Pressures
of Hydrogen.
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In Figure 15 the data are presented as coverage versus Torr-seconds
hydrogen exposure, which are proportional to vPt, the Knudsen flow to
the surface. As in the case of Wiesendanger's work, the maximum
po
coverage found was 0.29 . This was attributed to displacement of
adsorbed hydrogen by carbon monoxide impurity, and/or competition for
sites. The fraction of carbon monoxide present increased as the pres-
sure approached the ultimate pressure (4 X 10"1" Torr) of the system.
The extreme case was observed in the 2.2 X 10 Torr determination
where 3% CO was present. The observation of carbon monoxide desorp-
tion after hydrogen dosing confirmed this effect.
The rate of adsorption of hydrogen was directly proportional to
the square root of impingement rate, as shown in Figure 16, indicat-
ing half order reaction kinetics. This was determined for 9 = 0.025
and 9 = 0.0375 at five pressures. For each coverage value the data
were inadequate at the lowest and highest pressure to determine the
slopes accurately, therefore only four points are shown. It is in-
teresting to note that the lines pass through the origin, indicating
that the desorptjon rate of adsorbed hydrogen is insignificant* at
room temperature. .
The data from Figure 16 were used to determine the'sticking pro-
bability of hydrogen. For the lowest coverage determinable, 0.0259,
_0
the sticking probability was 7.5 X 10 .
After the kinetics of adsorption of hydrogen had been determined
to be one half order, the hydrogen coverage data was plotted versus
UPH-J^as shown in Figure 17 . This resulted in a single smooth
curve with the exception of the data obtained at very low pressures
and relatively high CO impurity concentration.
56
FIGURE 15
Fractional Coverage of Hydrogen Versus
Hydrogen Exposure at Various Pressures.
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FIGURE 16
Rate of Adsorption of Hydrogen as a
Function of the Square Root of Im-
pingement Rate.
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FIGURE 17
Fractional Coverage of Hydrogen
sus Hydrogen Dose,
9 * 39VH3AOO NBOOdQAH
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2. Effect of Carbon Monoxide and Methane on the Initial Rate of
Adsorption of Hydrogen
Thermodesorption measurements of hydrogen coverage for the first
_o
100 seconds in 2.2 X 10 Torr hydrogen with varying quantities of
impurities added were made to ascertain the effects of impurity
gases on hydrogen coverage in the low coverage region. Figure 18 is
a plot of coverage versus time with 0.88%, 1.0%, 1.4%, 2.9%, and 6.5%
carbon monoxide present. Within experimental error the curves are
coincident with the exception of 6.5% carbon monoxide. The desorp-
tion spectrum of hydrogen with 6.5% carbon monoxide had a different
shape than was obtained with the other mixtures, indicating that the
carbon monoxide present was interacting with the hydrogen.
Figure 19 shows that methane had an insignificant effect on ini-
tial hydrogen adsorption. Comparing the 33% methane result with the
6.5% carbon monoxide result suggests that methane is not significant-
ly adsorbed.
3. Adsorption of Hydrogen from Mixtures of Hydrogen and Carbon
Monoxide
The coverage of hydrogen on platinum in mixtures of hydrogen and
carbon monoxide was measured by the thermodesorption technique. The
thermodesorption spectrum was different from that in pure hydrogen,
exhibiting two desorption peaks. For purposes of identification the
single peak obtained in pure hydrogen was named "aH^" and the two
.peaks obtained from mixtures were named "0H2" and "yl^ ", in thermal
order of appearance. This is not to be taken as a statement that
a\\ is necessarily different from B l - .
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FIGURE 18
Effect of Carbon Monoxide on the Ini-
tial Stage of Hydrogen Adsorption in
2.2 X 10"8 Torr Hydrogen.
o
o
Oin
O
O
UJ
CO
I
o o
o o
0 '.39Vd3AOO
O
C>
r— i
61
FIGURE 19
Effect of Methane on the Initial
Stage of Hydrogen Adsorption from
2 X 10"8 Torr Hydrogen.
o
o
O
O
LU
O
lO
I I j_ _L I
§
O
Q
o
CDq
o
m
o
o
o
d
roq
o
C\Jq
o
Q
o
9 ' 39VH3AOO N3DOdQAH
o
62
The indicated T usually declined for o hydrogen with.in the range
Of 210°C to 270°C. The 3 hydrogen peaked around 240°C to 290°C and
the y hydrogen peaked around 582°C to 670°C, well above the T for
carbon monoxide.
Figure 20 is a set of thermodesorption curves from a mixture of
7.8 X 10"9 Torr CO and 3 X 10~8 Torr H2, drawn with base lines off
set for clarity. The flash rate used was somewhat fast, rising to
full temperature of 1075°C in about 5 seconds. This was the maximum
flash rate employable consistent with the time constants of the de-
tector system, and was used to enhance the rather low pressure rise
resulting from low coverages, 0.01 to 0.059. The substrate was .held
.at full temperature for an additional 5 seconds after the programmed
rise, during which time the temperature increased to 1270°C.
The curve labeled "3 sec." is essentially a base line, as three
seconds is not sufficient cooling and dosing time for a measurable
amount of hydrogen to be adsorbed. The decrease in H,, pressure around
920°C is attribated to the reaction
2H
which occurs on hot metals.30 This base line would not consistently
fit the curves at higher dosage so the initial pressure was taken as
the base line and the area bounded by it and the curve was used to de-
termine coverage. The coverage of each state, g and y was desired
and determined, however these determinations are approximate due to
the difficulty of ascertaining the component parts of the curve. At
high coverage the y curve can be extrapolated to the start of the 6
curve with reasonable certainty, however, at low coverage this is less
certain. Changing the starting point of the y curve according to dose
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FIGURE 20
Thermodesorption of Hydrogen from a
Mixture of 2.8 X 10"9 Torr CO and 3
X 10"8 Torr H2. Base Lines have
been Offset for Clarity.
DOSE IN
SECONDS
6
SECONDS
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" would involve subjective opinion. Furthermore, this would accentuate
a phenomenon of rise and fall of 3 hydrogen coverage. Since, it was
thought that the 3 hydrogen rise and fall was directly related to a
rise and fall in the EID H* ion current, this technique approached too
closely to "finding what I wanted to find," so it was not used. The
 Y
curve was extrapolated to the starting point of the 3 curve in all cases.
The resulting determinations of 3 and y hydrogen coverage versus
time of exposure for three cases are presented in Figures 39, 40, and
41 in the compiled data section. It is observed that the 3 state cov-
erage rises to a poorly defined maximum, then declines while the Y
state shows a monotonic increase after an initial period of rapid rise.
The initial rate of adsorption of 6 hydrogen could not be determined
because the 8 hydrogen coverage maximized less than an order of magni-
tude above the limit of detectability; also the number of data points
obtainable in the low coverage region was inadequate. Comparison with
. pure (a) hydrogen results at the lowest 3 hydrogen coverage shows that
the rate of adsorption of a hydrogen is greater than that of 6 hydro-
gen.
The total hydrogen coverage has been plotted versus hydrogen dose,
, in Figure 21. The curves labeled a, b, c, and d are for four
"systems" (labeled likewise) of pressure and composition. The curves
are in two families: a-b from experimental mixture D which was 6 to
7% CO and c-d from experimental mixture C which was about 20% CO. In
this case the divergence of coverage with dose is less amongst curves
of a family than between families.
The percentage composition is not an adequate basis for compari-
son of the results. This is a consequence of different adsorption
65
FIGURE 21
Hydrogen Coverage versus Hydrogen
Dose in Pure Hydrogen and Hydrogen-
Carbon Monoxide Mixtures.
Curve a, 7.7 X 10"8 Torr HZ and 4.9 X 10"9 Torr CO
Curve b, 9.5 X 10"8 Torr H2 and 7.5 X 10"9 Torr CO
Curve c, 3.0 X 10"8 Torr H2 and 7.8 X 10"9 Torr CO
Curve d, 3.3 X 10"8 Torr H? and 7.8 X 10"9 Torr CO
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kinetics for hydrogen and carbon monoxide. Table I therefore, lists
the value of tP at t{P^  )^ = 0.1, or the carbon monoxide dosage at
constant hydrogen dosage. It is observed that the adsorption of hy-
drogen is reduced at higher carbon monoxide doses, for a given hydro-
gen dose. It will be noted that the percentage of carbon monoxide
varies, even though the gas was obtained from a tank of mixed gases
at high pressure. This is attributed to variations of pump speed
for each gas as a function of pressure and history. These variations
occured even over time periods of less than an hour and therefore no
determinations could be performed at truly constant composition. As
the quantity of gas being leaked into the system is reduced to zero,
the composition changes to that of the residual gas at the ultimate
pressure, about 25% to 50% carbon monoxide, a few percent of argon,
methane, and carbon dioxide, and the remainder of hydrogen. Therefore,
mixture determinations were avoided at pressures less than 50 times
the residual pressure of 4 X 10 Torr in an attempt to obtain con-
stant composition.
The limitations of the thermodesorption technique have been re-
•5
lated in the literature. This work discovered a new phenomenon
which exemplified, more than any other known case, the limitations
of the thermodesorption technique. Figure 22 presents some thermode-
sorption spectra of hydrogen from platinum (111) dosed in a mixture
of 1 X 10"7 Torr H£ and 3.2 X 10"8 Torr CO. These spectra exhibit a
decline in pressure during thermodesorption, indicating that the sub-
strate is adsorbing hydrogen. This decline was termed a "pumping
peak." The dashed line is the three second dose spectrum, and is
used as a base line. Initially, at low dose times, the 0 hydrogen
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desorbs, then there is pumping by the surface, followejd by y hydrogen
desorption. With greater exposure the 3 hydrogen peak declines and
the pumping peak increases. Further exposure results in no 3 hydro-
gen desorption and a maximum of pumping, at a temperature that coin-
cides with the carbon monoxide desorption. Finally a second pumping
peak appears at a temperature corresponding to the original 3 hydrogen
desorption. At its maximum the initial pumping peak (which was the
only pumping peak to appear at some pressures) pumps at about 0.3
I/sec cnr. This means about 1% of the impinging molecules are ad-
sorbed or a sticking probability of 10"^ . This is nearly the same
as that found for pure hydrogen on (111) platinum.
•» • •
This phenomenon occured whenever mixutes of hydrogen and carbon
monoxide were utilized at high pressures. Explanation on the basis
of data available with the present equipment requires much specula-
tion. Two basic possibilities are gas-adsorbate reaction during
flash, and diffusion and rearrangement of the adsorbate exposing
"ideal sites" for adsorption from the gas phase. The "ideal site"
concept is frequently used in the literature but not universally
respected. Possibly, with an ideal experimental system, this phenome-
non will shed some light on the topic of "ideal sites" in the future.
For the present work, it made coverage determinations at these pres-
sures too suspect to attempt an analysis. It is interesting to note
that at these high pressures, the characteristics of the electron
induced desorption data showed no irregularities. This is because
the EID data was obtained during adsorption whereas the desorption
phenomenon involves reactions during desorption.
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FIGURE 22
Hydrogen Thermodesorption Spectra as
a Function of Dose Time in a Mixture
of 1 X 10~7 Torr HZ and 3.2 X 10"8
Torr CO.
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4. Thermodesorption of Carbon Monoxide in Pure Carbon Monoxide and in
Hydrogen-Carbon Monoxide Mixtures
The thermodesorption spectrum of carbon monoxide in pure carbon
monoxide is presented in Figure 23, part A. There is a single de-
sorption peak at about 400°C. This was referred to as a-CO. The ap-
parent temperature of the peak increased with time of dose, but the
true temperature did not. This was an artifact of the temperature
programmer. If the substrate support leads were hot then the indi-
cated temperature was below the actual substrate temperature. It
was noted that the initial rise is essentially independent of cov-
erage and the temperature of maximum desorption rate is essentially
constant. These are characteristic of first order desorption.
Part B of Figure 23 shows the thermodesorption spectrum of carbon
monoxide when the substrate is in a mixture of hydrogen and carbon
monoxide. The mixture in this case was "system d" in Table I. In
this case the curves are more symmetrical and the temperature of the
initial rise decreases as the coverage increases, both characteristics
of a second order desorption, although-the kinetics may be mixed or-
der. Closer examination of the desorption spectrum shows that there
are actually two peaks present. This was revealed quite well when
examining the CO thermodesorption spectrum while dosing with hydrogen.
These peaks were named &-CO, whose Tp is around 365°C and f-CQ
whose T is about 455°C. The resolution of this doublet was depen-
dent oh the pressure of a given mixture, the peaks merging into a
single peak at higher pressures. Thermodesorption spectra of carbon
monoxide are compared with those of hydrogen for mixture "system C"
(Table I) in Figure 42.
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FIGURE 23
Thermodesorption Spectra of Carbon Mon-
oxide in a) Pure CO and b) CO + \\2 Mix-
ture.
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C. The Electron Induced Desorption Spectrum
The bombardment of a metal surface with electrons causes some of
the adsorbed gas to desorb as (EID) ions. These ions can be captured
and analyzed with a mass spectrometer. When the (111) surface of
platinum is exposed to residual gas, the mass spectrum of desorbed
ions is typically as shown in Figure 24. The gas phase mass spectrum
is shown for calibration purposes. A characteristic of the mass
spectrometer and the ion energies obtained resulted in the EID ions
appearing 0.5 amu above the corresponding mass in the gas phase. EID
21 33ions have been observed to have average energies of 4 to 6eV '
with a spread from 0 to lOeV. This could account for the width of •
the 0 peak. The EID ion energy to the mass spectrometer was 25
volts. Peak width as a function of ion energy has not been determined
for the monopole spectrometer.
Detection of EID ions other than H* and 0* was diligently pursued.
If the substrate v/as allowed to "rest" for several weeks and.was not
heated prior to determining the EID spectrum, then F", Cl^S, and C1^7
ions were sometimes observed.
4- + +COJ and Cg were of particular interest. Cs was never detected.
CO* was seemingly detected when high (5 X 10 Amp) electron bomb-
ardment current was used together with high amplification of the
electron multiplier output.
Unfortunately, the signal was not only within the noise level
but also had a large component of gas phase CO"1" mixed with it. Evi-
dence that the signal was actually from the gas phase was a direct
relation between the signal and the carbon monoxide pressure, and a
thermodesorption rise coinciding with the thermodesorption of carbon
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FIGURE 24
Residual Gas and EID Spectra.
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monoxide, rather than the decay to zero experienced by EID. signals upon
OQ j.
thermodesorption. Huber and Rettinghaus y have obtained C0$ ions on...
polycrystalline platinum. Their C0+ ion yield was 1.5 X 10 that of
their H ion yield. The system used in the present work gave an 0*
o * 5
ion yield of 1 X 10 of the H* ion yield. As the 0* ion current was
^ s
less than an order of magnitude above the dark current of the multi-
plier, one therefore could not expect reliable determinations of COS
current with this system.
The appearance of 0* when the substrate is being exposed to hy-
drogen would logically be attributed to CO impurities in the hydrogen
atmosphere, however it will be shown later to be associated with ad-
sorbed hydrogen and not simply the result of dissociation of adsorbed
carbon monoxide.
D. Electron Induced Desorbed Ion Study of Surface Coverage
1. Results with Pure Hydrogen Dosing
If the H* ion originates with adsorbed hydrogen, it should be direct-
ly proportional to hydrogen coverage and one would expect the H ion
current to follow the adsorption of hydrogen. Determinations of H*
ion current versus time in "pure" (99%) hydrogen were obtained direct-
ly from the X.-Y recorder. The H* ion current was plotted versus
t(Pu )^» which has previously been shown to be a function of hydroaen
2
coverage. The result is shown in Figure 25. It is obvious from the
figure that the data do not fall on the same curve. Thus no direct
relation between H* ion current and hydrogen coverage was found with
pure hydrogen dosing. Careful studies did not reveal any thermode-
sorption of hydrogen containing species other than hydrogen. This in-
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FIGURE 25
EID Hg Ion Current versus Hydrogen Dose in
Various Mixtures of H2 + CO. Curve A:
5.7 X 10"10 Torr H2, 8.7 X 10"11 Torr
CO; Curve B: 1.0 X 10"8 Torr H2, 8.5 X
10"11 Torr CO; Curve C: 1.1 X 10"7
Torr H2, 2.9 X 10~10 Torr CO; Curve
D: 2.0 X NT8'Torr H , 9.6 X 10"11
Torr CO.
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dicated that whatever species is responsible for the H ion current
is dissociated upon thermodesorption.
2. Effect of Carbon Monoxide on the H^ Ion Current
An initial check on the effect of carbon monoxide was made by
using the ionization gauge as a source of carbon monoxide. When an
ionization gauge is outgassed (cleaned by heating to 1000°C) it re-
leases large quantities of gas, mostly carbon monoxide. A pressure
burst to IX 10~6 Torr (gauge) is commonly observed.
o
A hydrogen leak was set to bring the pressure to 2.5 X 10~° Torr.
The ionization gauge was outgassed and the substrate flashed clean.
Upon cooling, the H* ion current increased with time as shown by
curve "A" in Figure 26. After 2000 seconds the substrate was flashed
clean and the "EID adsorption" repeated. By this time much of the
carbon monoxide introduced into the system had been pumped out. Curve
"B" in Figure 26 is the second determination. The rate of rise is
significantly less than with the added carbon monoxide impurity, sug-
gesting that carbon monoxide is a part of the species producing H* ions,
If carbon monoxide is involved in the surface reactions, an obvi-
ous experiment would be to see if a dose of carbon monoxide could be
"titrated" with hydrogen. These results are shown in Figure 27. Car-
bon monoxide was admitted via a ficke valve to 1 X 10"8 Torr (gauge)
up to a point "a" when it was valved off. The H* ion current increased
sharply until the CO was valved off, then exhibited a much reduced
rate of rise. At point "b" the pressure had declined to 3 X 10"9 Torr
-8(gauge). Hydrogen was then admitted via a leak valve to 1 X 10" Torr
(gauge) at point "c," 5 X 10'8 Terr (gauge) at point "d," 1 X 10"7 Torr
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FIGURE 26
EID H* Adsorptions.
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FIGURE 27
EID H Ion Current During Various Gas
Exposure Experiments.
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(gauge) at point "e," and valved off at point "f." It was observed
that hydrogen dosing of the surface that had been previously dosed
with carbon monoxide plus residual hydrogen, had no discernable ef-
fect. The substrate was flashed clean at point "g" and cooled at
point "h." In the residual pressure of 1 X 10~9 Torr (gauge) the
H* ion current exhibited a slow rise until carbon monoxide was ad-
o
mitted to 1 X 10 Torr (gauge), shown at point "i," whereupon a
sharp rise in H* ion current occured, followed by peaking and expo-
nential decay.
At first inspection of the data above it seems unreasonable that
admitting carbon monoxide alone should have such a large effect on
the Hs ion current. It must be noted that the pressures were obtain-
ed from an ionization gauge and the gases were named for their apparent
source. It was demonstrated, after the experiment above, that admit-
ting carbon monoxide caused the ion pump to emit hydrogen to about
hajlf the pressure of the carbon monoxide. This emission of previously
pumped gases from the ion pump was frequently observed, consequently
quantitative- experiments involving sequential dosing with different
gases were not practicable.
Further insight into the role of carbon monoxide in producing the
HS ion current is obtained by closer examination of the pure hydrogen
data presented in Figure 25. Table II lists the applicable data and
some derived results. The carbon monoxide dose, tP , at a constant
hydrogen dose of t(Pu Y2 - 0.1 has been determined and compared with
"2
the H* ion current at this point. The ratio of H* ion current to tP
o o CO
is reasonably constant. This is good indication that carbon monoxide
is an essential part of the species providing the H* ion.
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Further evidence that carbon monoxide is involved is seen in Figure
28 where the H* ion current is plotted versus dose of carbon monoxide
i *) j-
at a constant hydrogen dose of t(Pu )^ = 6 X 10"^  Torr2 seconds. The
H* ion current at a given hydrogen dose is directly proportional to the
dose of carbon monoxide.
• • i,
When the H_ ion current is plotted versus hydrogen dose, tfP,, )2,H2
at a constant carbon monoxide dose of tP = 3.5 X 10 Torr-seconds
the result is random with no correlation.
Finally it was found that the rate of rise of the EID adsorptions
in pure hydrogen was proportional to carbon monoxide pressure. Deter-
mining (dHc/dt)/Port from the determinations presented in Table II, an
•o CO
average value of [5.7 ± 1.1) X 10 amps per second per Torr was found.
Thus the EID H* ion current is related to carbon monoxide adsorption.
3. Effect of Dosing with a Mixture of Hydrogen and Carbon Monoxide
..When a mixture of hydrogen and carbon monoxide was admitted to the
system and the H* ion current plotted as a function of time after
cleaning, the result shown in Figure 29 was obtained. The substrate
was cleaned by heating to 1300°C in a 5 second time interval, holding
that temperature for an additional 5 seconds then switching off the
heating power. Seven seconds later the substrate was cool long enough
for a detectable H* ion current to result. This time was called t$.
As adsorption of hydrogen and carbon monoxide proceeded, the H ion
current increased, linearly at first, then at a decreasing rate until
the rate of change was zero at a time labeled t . After t , the cur-
rent decreased then exhibited an approximately exponential decay.
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FIGURE 28
EID H* Ion Current versus Carbon Mon-
o
oxide Dose at a Constant Hydrogen Dose
of t(Pu ft = 5 X 10~2 Torr^ Seconds inH2
Pure Hydrogen and Residual Gas.
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FIGURE 29
EID H+ Ion Current versus Time in a
Mixture of 7.6 X 10"8 Torr H£ and 4.8
X 10"9 Torr CO.
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The value of t varied with pressure, mixture and thermal history
over the range of 6 to 12 seconds, but usually was within 6 to 8 seer
onds. Measurements therefore were made from t .
Examination of t as a function of carbon monoxide partial pressure,
shown in Figure 30, reveals that t occured at a constant dose of car-
bon monoxide for any mixture and pressure. Since carbon monoxide was
adsorbed by first order kinetics, this measn that t occured at a
specific coverage. The line in Figure 30 represents 8.9 X 10" Torr-
seconds of carbon monoxide dosing. This is equivalent to 0-149 (from
Figure 9). This is an approximation since 9 CO is a function of HL-CO
mixture for a given exposure, but comparison with Figure 9 shows that
at this coverage the difference is negligible.
Noting that t occured at constant carbon monoxide dose, the EID
adsorption curves were normalized with respect to time by plotting H
ion current versus (t - t ) P . This is shown in Figure 31. The ap-
parent delay in the rise of curve D and E resulted from a non-linear
rise from t at the start of the adsorption. This was attributed to
the cool down time of the substrate. As these data are at a relatively
high pressure, a significant dose, tP, occured during this time. It is
observed that the rate of decay is proportional to the carbon monoxide
dose. The rate of decay is therefore a function of carbon monoxide pres-
sure, being higher at higher pressures.
The coverage of carbon monoxide exceeded that of hydrogen during
most of the EID adsorptions run in mixed gases, as is seen in Figures
39, 40, and 41. Under the conditions of an excess of carbon monoxide,
the H ion current is proportional to the hydrogen dose. This is seen
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FIGURE 30
Time to Maximum EID H* Ion Current in
o
H2 + CO Mixtures as a Function of Car-
bon Monoxide Pressure.
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FIGURE 31
EID HS Adsorptions Normalized with
Respect to Carbon Monoxide Dose.
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in Figure 32 in which the H+ ion current is plotted against hydrogen
dose t(P,, Yz- The time used to determine hydrogen dose was the time
2 _7
required to achieve a carbon monoxide dose of 8 X 10 Torr-seconds
at the prevailing CO pressure, thus data was obtained at approximately
constant coverage of carbon monoxide.
A similar plot to Figure 32, relating H+ ion current to tP
 Q at a
constant dose of hydrogen resulted in random points.
Since the H^ ion current is proportional to t(Pu )^ at.constant
2 .
 +
coverage of carbon monoxide, the effect of CO coverage on the HS ion
yielding species could be shown by plotting the "normalized EID species
concentration," H+/t(Pu )^, versus dose of CO. This is shown in Figure
S MO
33. The entire curve is in the region of linear carbon monoxide ad-
sorption at its highest sticking probability and the CO coverage is
greater than the hydrogen coverage throughout. It is seen that car-
bon monoxide coverage does not affect the normalized EID species con-
centration initially but with increasing CO coverage the normalized
x?:sS»K -.
concentration is reduced. This will be discussed in section VI C.
Finally, it was found that the rates of rise of the EID adsorptions
were a function of hydrogen pressure. Considering the kinetics of
hydrogen adsorption, as developed in section VI C
d9H*/dt = k PH2% d - 9H*>
we see that at given coverage of hydrogen the rate of hydrogen adsorp-
tion is proportional to Pu ^. Determining (dH*/dt)/Pu ^, an averageH2 "2
value of (9.15 ± .30) X 10 Amps per second per Torr'5 was found, using
the initial rate of rise. Thus the "rate of rise of the H* ion current
was proportional to the rate of hydrogen adsorption.
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FIGURE 32
EID H Ion Current as a Function of
Hydrogen Dose, t(Pu Yz at a Constant
2
Carbon Monoxide Dose of tPco = 8 X
10 Torr Seconds.
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FIGURE 33
Normalized EID Species Concentration
as a Function of Carbon Monoxide Dose.
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In summary, it has been found that:
a) In "pure" hydrogen where the hydrogen coverage exceeds the
carbon monoxide coverage:
1) H+ current is not related to t(Pu Y2 at constant tP .
, 1
2) H current increases linearly with tPCQ at constant t(P^ j )"
Therefore, H* current is directly proportional to carbon monoxide cov-
o
erage.
b) In mixtures of hydrogen and carbon monoxide where carbon mon-
oxide coverage exceeds hydrogen coverage:
+ ' ' ' i-1) Hc current is not related to tP,,rt at constant t(Pu )2.
^ CO . tin
4. 1
2) H current increases linearly with t(Pu Y2 at constant tPr
3 tin l-j. £
Therefore, HS current is a function of hydrogen coverage.
This leads to the hypothesis that the H* ion current comes from a
species containing both hydrogen and carbon monoxide. This could form
by
Had + C0ad = (HCO)ad
where (HCO)* will be referred to as the surface complex. This will be
explored further in the discussion section.
4. Effect of Electron Beam Current
The electron beam current was variable up to 50yA and was measured
with a 0-5yA D'Arsonval meter between the substrate and its bias sup-
ply. This imposed the limitation that IpA was the lowest current that
could be measured with ±10% accuracy. The beam current exhibited an
occasional drift from 0.8 to 1.2yA when the current was set at lyA.
This drift was corrected between determinations.
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The H ion current was observed as a function of electron beam
current in residual gas after a near equilibrium signal was obtained.
An electron current of lyA produced a decay in the HS ion current of
1% per minute, while larger currents produced proportionately greater
*
effects. Decreasing the current after a period of high current bomb-
ardment caused a return of the H* signal to the equilibrium value
o
associated with the lower current. EID adsorptions were run with the
beam on continuously and then repeated with intermittent beam current.
If the beam current was lyA or lower, the two determinations coincided.
Hydrogen and carbon monoxide adsorptions and thermodesorptions were
performed with and without electron bombardment during the adsorptions.
The results were identical.
Considering the limitations of beam current measurements, the ef-
fect of the beam observed, and the need for H ion signals of suffi-
cient amplitude to conveniently measure, the expedient value of beam
-5 ? 1 ?current was lyA. This amounts to 10 amp/cm or 6 X 10AO electrons
sec cm~S or 4 X 10"^  monolayer per second if each electron caused
an event. Huber and Rettinghaus report a H yield of 2 X 10 ion
per electron, or a maximum removal rate of 8 X 10" monolayer per
second for the experimental system used in this work. This value is
one or two orders of magnitude low as it negl-ects EID neutrals, which
were not determined by Huber and Rettinghaus.
In the case of adsorption in a mixture of hydrogen and carbon mon-
oxide the H ion current exhibited rise, peaking and decay to an
equilibrium value. To determine the effect of the electron beam on
this phenomenon, identical runs were made using 10yA and lyA beam cur-
rents. These were plotted as normalized H$ ion current versus tP .
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Figure 34 shows that up to 13 X 10 Torr-sec carbon monoxide exposure
the curves virtually coincided, being well within the limits of experi-
mental variation, as comparison with Figure 31 reveals. In Figure 31
it is seen that the time constant of decay, at lyA beam current, was a
function of carbon monoxide pressure and rPco = constant where T is the
decay constant. Figure 34 shows that the decay constant was identical
at either lyA or 10pA up to 13 X 10 Torr-sec CO. At high coverage
the curves do diverge since the beam did cause some desorption. The
near equilibrium levels at 2 X 10 Torr-sec CO exposure were not pro-
portional to the beam currents involved. The decay of the H ion cur-
rent was therefore the result of CO exposure and not electron bombard-
ment.
E. Electron Induced Desorbed Ion Behavior During Thermodesorption
Raising the temperature of a surface may cause an adsorbate to de-
sorb. If the adsorbate was yielding EID ions, then the surface ion
current will decline as the substrate is heated. This is shown for
H* ion current in Figure 43 and 44. .
The rise in H* ion current prior to the decline is attributed to
"thermal enhancement of electron induced desorption cross section" by
Menzel. This results from the increase in average bond length between
substrate and adsorbate as the magnitude of thermal vibration increases.
This lengthening of the bond reduces the amount of Auger neutralization,
thus increasing the yield of EID ions. This thermal enhancement was
regularly observed with the bias settings used. Alternative bias set-
tings were found that caused the opposite of thermal enhancement - a
slight continuous decline in signal until the rapid decline to zero at
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FIGURE 34
Effect of Electron Bombardment Cur-
rent on the H Ion Current Behavior.
Curve A = 10"^  amp
Curve B = 10"6 amp
(SlINfl AdVHilQdV) lN3ddnO NO!
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the temperature of desorption. Thus, although discovered prior to
Menzel's paper, this was considered to be a characteristic of the
system and not a genuine physical phenomenon.
Comparing the EID flash results with the thermodesorption spectra
of hydrogen in hydrogen-carbon monoxide mixtures, as. shown in Figure
44 reveals that the H ion current decays at a temperature correspond-
ing to the 3 hydrogen peak. The significance of this will be seen in
the Discussion part.
Pure hydrogen dosing resulted in an EID H* ion current (due to CO
impurity) but the current did not correlate with hydrogen coverage and
the EID flash temperature was notably different from the T of pure
(a) hydrogen thermodesorption.
F. Electron Induced Desorbed Ion Observation
of Isothermal Desorption
If a substrate, covered with adsorbed gas, is quickly brought to
a fixed temperature of appropriate value, the gas will desorb and the
surface coverage will decline according to the applicable rate law.
The EID technique enables a direct measurement of the coverage versus
time during such an isothermal desorption. This type of determination
was performed on the H ion current in residual gas dosing. The sub-
strate was dosed until the maximum'Hs ion current was attained. The
substrate power supply was then switched on with the bridge balance
pre-set to the desired temperature. This resulted in a power surge
through the substrate until the pre-set temperature was reached, which
required less than 0.7 second. The 1-L ion current exhibited an expo-
•>
nential decay.
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The decay of the H+ ion current was subjected to kinetic order
tests. These are presented in Figure 35 which shows that the decay
is first order.
The isothermal desorptions were performed at a series of tempera-
tures. For a first order decay from an original concentration C ,
lnCQ/C = kt
where C is the instantaneous concentration, t is time and k the reac-
tion rate constant. The stay time is the time required for the con-
centration to decay to 1/e of its original value. Thus ra = 1/k.
Plotting log
 Ta versus 1/T should produce a line yielding A£ but a
curve resulted instead. This was corrected by subtracting from TQ
the response time of the recording system. A current source was fed
to the recording system, then switched off. The resulting decay in
response has an average time constant of 0.599 second. Subtracting
0.6 from the ra values resulted in a linear plot of log (TS - 0.6)
versus 1/T. Utilizing
Ed = -R A2.303 log (xa - 0.6) /Ml/7)
gave an Ej for decomposition value of 31 kcal/mole. Now stay time
T = T e
AEd/RT
a o
where TO = 1/v and v = frequency factor which is commonly 1010 to 1013
sec" . Thus
log
 TQ = log ta - AEd/2.3RT
and TO was found to equal 1.4 X 10"13 which is an acceptable value.
Since as discussed later, (HCO)* is probably the EID active species,
the Ea calculated may be that of dissociation of the species by
(HCO)* = Had% C0ad
rather than desorption of the species.
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FIGURE 35
Test for Order of Isothermal H Decay. .
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F I G U R E 36
Plot of Log Stay Time versus Recipro-
cal Temperature.
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G. The Electron Induced Desorbed Os Ion
Studies of the 0 ion were complicated by low signal to noise ratio.
The dark current or zero signal output of the system was about 20% of
the maximum 0 ion current. Figure 37 illustrates the adsorption and
thermodesorption characteristics of the species under study while exa-
mining the H and 0 ion currents produced by electron bombardment.
The 0 ion current was consistently two orders of magnitude lower than
the H ion current.
The 0 ion signal could not be obtained with pure CO dosing of the
substrate. Tungsten and other transition metals adsorb carbon monoxide
and yield EID 0 ions by the dissociation of strongly bound CO. The
energy of desorption of CO from platinum is less than that of most
other transition metals, a fact used to explain the observation of
+ 29CO by Huber and Rettinghaus. It is estimated that the system used
-3in this work had about 10 the ion collection efficiency of Huber and
Rettinghaus's system. They found the CO ion yield to be about 10"
+ + -2of the H ion yield. Since this work found the 0 ion yield to be 10
^ o
of the H ion yield, then certainly if the 0 ion came from adsorbed
o . o
CO, Huber and Rettinghaus would have observed it. Dosing with pure
carbon monoxide, Huber and Rettinghaus were not able to detect 0 ions.
The present work indicated that when EID adsorptions were studied,
the kinetics of the curves for H and 0 coincided within experimental
error. In mixtures there was the same peaking and decay phenomenon
as was found for H . Thermodesorption determinations exhibited identi-
cal desorption temperatures for H and 0 , as best as could be measured
under the limitations of the system.
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These observations suggest that the source of the 0^ ion is the
same as that of the H+ ion. The low magnitude of the 0+ ion current
o o
made it impractical to study it in the same detail as the H* ion.
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FIGURE 37
Adsorption and Desorption Kinetics of
the H and 0 Ion Currents.
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H. Experiments with Formaldehyde
No EID experiments with complex molecules had been published at
the time of this work. Since hydrogen and carbon monoxide can form
formaldehyde, an experiment with formaldehyde was indicated for ob-
taining evidence to confirm or compliment the data from hydrogen-
carbon monoxide mixtures.
Figure 38 abstracts the salient features of many runs. The for-
maldehyde decomposed on the hot substrate when it was thermally clean-
ed. The essential mechanics were that the formaldehyde molecules ad-
sorbed on the hot platinum, then either desorbed or decomposed to hy-
drogen and carbon monoxide. When the substrate was cooled, the stay
time of the adsorbed formaldehyde increased, thus increasing the pro-
bability of decomposition. As can be seen in Figure 38, the formal-
dehyde pressure dropped, owing to adsorption. Simultaneously the hy-
drogen and carbon monoxide pressures increased during the first six
seconds of cool down time of the substrate. The rise in hydrogen pres-
sure, which was measured at mass 2, could be attributed to the cessa-
tion of the atomization of hydrogen by the hot substrate. The mass
28 peak, labeled CO on the graph, can be attributed to both CO and
Cf^ O. Since the mass 30 peak, labeled CHoO, shows an immediate de-
cline upon cooling, the CO component of mass 28 is responsible for
the initial rise. Thus, while the substrate was cooling the efficiency
of formaldehyde decomposition increased while the substrate was still
too hot to adsorb hydrogen or carbon monoxide. After the substrate
was cool both hydrogen and carbon monoxide were adsorbed and the H
ion current increased to a peak value then exhibited a decay, similar
to the behavior in mixtures of hydrogen and carbon monoxide. After the
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decay of the H* ion current carbon monoxide was evolved approximately
in proportion to the adsorption of formaldehyde while the hydrogen
pressure continued to decline. Through the entire run formaldehyde
was adsorbed. Thermodesorption failed to positively indicate the de-
sorption of formaldehyde. This does not appear to be the case if one
observes the rise of the C^O curve upon flashing in Figure 38. It
is necessary to observe the mass spectrum with rapid scanning during
thermodesorption to observe that the mass 29 and 30 peaks are super
imposed on the tail of the mass 28 peak. Mass 28 is both carbon mon-
oxide and formaldehyde and with the particular mass spectrometer used
it "tailed off" badly toward the high mass side.
The ion currents of mass 28, 30, and 2 were 11 X 10~9, 5.5 X 10~9 -
Qand 2.1 X 10 amp respectively before the substrate was cleaned. If
the electron gun filament was turned off, the mass 28 peak was about
1/3 its magnitude when the electron gun was on. This indicated that
a considerable amount of formaldehyde was decomposed by the filaments
of the electron gun, ionization gauge, and mass spectrometer as well
as by the substrate when it was thermally cleaned. This high back-
ground of hydrogen and carbon monoxide made experiments with pure
formaldehyde impossible. ,
The effect of electron bombardment was determined by running a
plot of H£ ion current versus time with continuous and with intermit-
tent bombardment periods. The two results were identical, indicating
that the source of H* ion is not significantly affected by the elec-
tron beam.
The adsorption of formaldehyde throughout the runs, even after
the He ion current decayed, seemed to indicate that CH90 is not the
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FIGURE 38
Hydrogen, Carbon Monoxide, Formalde-
hyde and H Adsorption versus Time.
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source of HS. Partial decomposition of the formaldehyde
CH2°(ad) = HCO(ad) + H(ad) -
is probable considering the observations. This lends strength to the
view that (HCO)* is the source of H*.
I. Graphical Comparison of Data
The nature of this investigation'is such that one needs to view
many different data simultaneously in order to analyze and understand
the total system. To facilitate this, data from 'thermodesorption, ad-
sorption and EID studies have been compiled on single graphs rather
than presenting them individually in the preceding parts. These com-
piled data follow.
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FIGURE 39
Composite Graphs of Carbon Monoxide, p,
Y, and Total Hydrogen Fractional Coverages
and the EID H .Ion Current.versus Time in
o
a Mixture of 3.3 X 10~8 Torr Hydrogen and
8.4 X 10"9 Torr Carbon Monoxide (System
"d", Table I).
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FIGURE 40
Compos He Graphs of Carbon Monoxide, 3»
Y, and Total Hydrogen Fractional Coverages
and the EID H* Ion Current versus Time in
a Mixture of 7.7 X 10 Torr Hydrogen and
4.9 X 10"^  Torr Carbon Monoxide (System
"a", Table I).
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FIGURE 41
Composite Graphs of Carbon Monoxide, 8,
Y, and Total Hydrogen Fractional Coverages
and the EID H* Ion Current versus Time in
o
a Mixture of 9.5 X 10 Torr Hydrogen and
7.5 X 10 Torr Carbon Monoxide (System
"b", Table I).
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FIGURE 42
Thermodesorption Spectra of Hydrogen
and Carbon Monoxide from a Mixture of
3 X 10"8 Torr H2 and 7.8 X.10"9 Torr
CO (System "c"4 Table I).
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FIGURE 43
Hydrogen, Carbon Monoxide, and H
Thermodesorption Spectra in a Mix-
ture of 1 X 10"7 Torr H2 and 3.2 X
ICf8 Torr CO. The 42 Second Dose
Time Resulted in Maximum HS Current.
|f. 600 SEC Ho
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FIGURE 44
Thermodesorption Spectra for Hydrogen,
Carbon Monoxide, and the H* Ion Current
in a Mixture of 3 X 10"8 Torr H2 and 7.8
X 10'9 Torr CO (System "c", Table I).
NOI
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PART VI
D I S C U S S I O N
A. Chemisorption of Pure Carbon Monoxide
The adsorption and desorption kinetics of carbon monoxide have al-
ways been found to be first order. It was not surprising therefore to
find that the carbon monoxide coverage data described a smooth curve
when plotted versus tP_. as in Figure 9. Verification that the adsorp-
•• v*U
tion process v/as of the first order with respect to the concentration
of molecules in the gas phase was shown by Figure 10. The rate of ad-
sorption was linear in the impingement rate and passed through the ori-
gin, indicating insignificant evaporation rate during the adsorption
process. If the adsorption had been other than first order, then P
in the term vp would have to had been taken to a power other than the
first to obtain a straight line.
The sticking probability was nearly constant at 0.76 in the range
of 0.29 to 0.39 in all determinations. It could not be determined for
coverages below 0.29. This constancy, observed on most metals, is in-
terpreted to indicate that physisorption occurs first, followed by
either desorption or chemisorption.
Gavrilyuk has derived a theoretical expression for the sticking
probability:
s = [c/1 + exp (Ea/RT)] - ]>C/TO exp - (Ed/RT)]
where c = physisorption condensation coefficient
E, = activation energy of adsorption to the chemisorbed state
Ea = activation energy of desorption from chemisorbed state
oc = coverage in chemisorbed state
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TO = nominal vibration time of an adsorbed molecule
This expression is in good agreement with experimental results of CO
on W(113). Assume that Ea is constant at low coverage; then since
a = 0 at t = 0, this would predict a constant sticking probability
\f
from zero coverage up to the point where the coverage dependent term
becomes significant. If we assume that the same principle applies to
CO on Pt (111), then it is reasonable to extrapolate the highest s
value determined to zero coverage, as shown in Figure 11.
flO
Isotopic exchange measurements by Madey, et al and field emission
studies by Menzel and Bomer suggest that the high energy bound state,
"Beta CO," of carbon monoxide on tungsten lies flat with both the C
and 0 bonded to tungsten sites. The low energy bound state, "Alpha CO,"
involves a single bond from carbon to a single metal site. The "Beta
CO" state induces the formation of new sites which adsorb CO in the
more weakly held "Alpha CO" state.50
In this work, only one adsorption state of CO was observed on the
Pt (111) surface exposed to pure CO, as shown in Figure 23a. (The
term a-CO, used in this paper, refers only to CO adsorbed from pure
CO gas and is not related to the "Alpha CO" state referred to in the
literature.) The alternative possibility to "Alpha CO" and "Beta CO"
states is "Virgin CO" in which the carbon makes two bonds, one to each
of two metal sites. Since the maximum coverage determined was one. CO
per two sites, the adsorption state is either of the "Beta CO" or "Vir-
gin CO" type. The "Virgin CO" state is obtained by dosing at low tem-
.peratures, 100°K, At 270°-350°K "Virgin CO" on tungsten either desorbs
or converts to "Beta CO." Room temperature dosing of tungsten always
produces "Alpha" and "Beta" states.49
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The presence of only a single adsorption state of CO on Pt (111)
at room temperatures together with the occupation of two sites per
CO molecule, suggests that carbon monoxide adsorbs on platinum (111)
with the "Beta CO" structure in which the CO molecule is lying flat on
the surface.
B. Chemisorption of Pure Hydrogen
The chemisorption of hydrogen is usually accompanied by dissocia-
tion into the atomic state. Laidler and others have assumed first
order hydrogen adsorption on dual sites with simultaneous dissociation
k H H
„ - I ' • I ' 'H 2+-s— s-^-s-s-
proposing that
dO/dt = kaPH2 (1 - 9)2 (15)
where (1 - 9) is squared to account for dual sites. Integrating equa-
tion (15) yields
d9/(l - 9)2 = kj PH dt
- 9)] - 1 = k, PH t
9 = 1 - [1/tkj tPH ) + 1] (16)
Defining exposure e, as e = tP, which is proportional to Knudsen flow
to the surface, this becomes
9 = 1 - [l/(ke) + 1] (17)
so that at constant exposure the coverage is constant. While this may
be the case for some metals, it was not .found to be true on platinum
(111).
If it is assumed that hydrogen is adsorbed molecularly and then
undergoes slow dissociation, a different result is obtained. Consider
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the consecutive reactions
kl k2f f
H ^ H ^=^ 2H, ,,
2(g) V 2(ad) k2 (ad>
r r
and assume that:
a) Reaction k, is faster than k., , therefore reaction k is
'f f^ 2f
rate controlling
b) Pair sites are required for H_ adsorption and therefore sites
available to H0 are (l - 9U)
c. n . . -
c) Equilibrium conditions are maintained during adsorption.
It is known that in general, at equilibrium
a = sit = svp.. T
a Hp a
where o = number of adsorbed molecules,
I = impingement rate,
v = specific arrival rate,
T = stay time, .
a
and s = sticking probability.
Assuming rapid equilibrium between the gas phase and dual sites avail-
able for hydrogen molecule adsorption,
(ad)
or
=S(V/
°S)PH Ta(g)
where 9,. is the fractional coverage of the substrate by the physisorbed
H2
species and the term (1 - 9,,) removes from this area the portion covered
by chemisorbed hydrogen atoms. This term must be squared to account for
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the requirement of pair sites for hydrogen molecule adsorption. The
dissociation of hydrogen is given by
H0 ^=i 2H2(ad)
or
JsH, ^=^ H
2(ad)
so
d9H/dt = k
Substituting 9,, from equation (17)
2
) P H 2 T a M i - e H ) (is)
*
Integrating:
d9H/(l - 9,) = k2s (e ){(v/os)PHTa>Vt
9H = ! . exp - k 2 s ( e ) { v / a s T a } t
It will be noted that the sticking probability is an unknown function
of coverage; therefore the equation cannot be properly integrated.
.This precludes an analytical fit with the data, however the trend of
dependence on various parameters can be predicted. Treating the stick
ing probability as a constant, and gathering constants:
9H = 1 - exp - (k2 (PH T2t), (19)
or in terms of exposure,
9H = 1 - exp - (k2 (PH r^ O. (20)
Figures 14, 15, and 17 fit the predictions of these equations when
j-'
P, t, e, and (P2t) are held constant.
The differential form, equation (4), may be written
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da/dt = k2 (vPH } (I - 0H) - - - '- . (21)
i^
predicting the linear relation between da/dt and (vP.. )2 at constant
H2
coverage as shown in Figure 16.
Hydrogen was thus found to adsorb by half order kinetics to a max-
imum coverage of 0.208, assuming one hydrogen atom per platinum site.
This value may well not be the maximum possible, since carbon monoxide
52impurity interferred, as other workers have found. The proposed two
step adsorption reaction is also in agreement with recent FEM studies
by Lewis and Gomer.27 They found that at 300°K to 500°K H? was not ra-
pidly accommodated but diffused great distances before being dissocia-
tively chemisorbed.
A few percent of carbon monoxide or methane had little effect on
the initial rate of adsorption at short dose times but a very great
f
effect was noted at the longer times required for significant hydrogen
coverage. The low initial sticking probability of 7.5 X 10 and the
even lower probability at higher coverages aggrevated the problem of
obtaining a high coverage of hydrogen before competition for sites by
carbon monoxide set in.
A problem peculiar to hydrogen may be observed in Figure 13. At
high temperatures, the pressure declined below the equilibrium value.
Wiesendanger attributed this to dissociation of hydrogen molecules on .
hot substrates. Since the mass spectrometer was set to mass 2 the re-
duction of H2 pressure is easily noted. This phenomenon is also ob-
servable with an ionization gauge because the system walls adsorb the
28atomic hydrogen readily.
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C. The Interaction of Adsorbed Hydrogen
and Carbon Monoxide
Hydrogen has little effect on the initial coverage of carbon mon-
oxide, as was seen in Figure 12. This is also evident from the ini-
tial sticking probabilities of 0.76 in pure CO and 0.68 in hydrogen-
carbon monoxide mixtures. These values are not accurate to better
than 10%, thus they could be identical.
The relative effect of hydrogen and carbon monoxide upon one an-
other can be noted by comparing the data at t(PH )^ = 2 X 10"2 in
CQ
2
2
Figure 21 with the equivalent range of tP = 0.92 X 10"6 to 0.35 X
10~6 in Figure 12. (This is the range of tP - values for which t(PH )^CO n/}
-22 X 10 .) The adsorption of carbon monoxide deviates from the pure
carbon monoxide values only slightly while the adsorption of hydrogen
in mixtures deviates significantly from that in the pure gas. Higherf
hydrogen coverages, about ^  0.059, have sufficient influence to limit
carbon monoxide adsorption to about one half the coverage in the pure
state. This effect is greater than can be explained by competition
for sites. This reduction of carbon monoxide coverage in the presence
of hydrogen is in contrast to the behavior on zinc alloy at 200 Torr
where hydrogen and carbon monoxide mutually enhance the adsorption of
CO
one another, forming a species of stoichiometric formula CH-0. It
should be noted that this mutual enhancement occurs on methanol syn-
thesis catalysts which are sp metals or alloys of sp metals or basic
metal oxide mixtures. Platinum, being a transition metal, is ad
metal and is a well known dehydrogenating catalyst. The formation
of CHJD would therefore not be expected.
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The effect of hydrogen on the carbon monoxide thermodesorption
spectra was shown in Figure 23. An analytical determination of de-
sorption kinetics was not possible due to inadequate accuracy and re-
producibility of the temperature programmer. In theory the desorption
kinetics could have been estimated from thermodesorption peak shapes,
;but this is considered tenuous in practice. An adequate comparison
could be made, however, to surmise that the desorption kinetics of
carbon monoxide in mixtures was other than first order. Considering
carbon monoxide alone, this would be difficult to explain, however,
postulating that hydrogen and carbon monoxide combined to form a sur-
face complex, the CO thermodesorption spectra would be the
result of the decomposition of that complex, and not the desorption
of isolated CO molecules. The reaction may be proposed:
HCO(ad) + HCO(ad) + 2CO(ad) I (ad)
(22)
2CO(g)
•(g)
If k^ is the rate limiting step, then second order desorption of both
hydrogen and carbon monoxide would be apparent. Another possibility
is the unimolecular decomposition of HCO:
HCO(ad) H(ad) + C0(ad) (23)
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This could appear as first, second, or mixed order, according to the
values of the rate constants.
The carbon monoxide desorption spectra in mixtures exhibited two
desorption peaks, labeled 3-CO and y-CO, whose T values were below
and above that of
 a-CO from pure CO exposure. At higher pressures
it was difficult to resolve these peaks, probably because all three
occured. It is probable that g-CO and y-CO are not the result of de-
sorption of isolated CO molecules but rather the result of surface
reactions during thermodesorption, such as equations (22) and (23).
One of the difficulties of thermodesorption studies is the specu-
lative nature of the interpretations, particularly if the desorbed
gas is not the species that was on the cold surface, but a decomposi-
tion product of a surface species. Here we have a case where EID
studies can clarify the results of thermodesorption studies, or at
least eliminate some of the speculative possibilities. As was seen
in section V F, the isothermal decay of the H ion signal is first
order. If it is assumed that the H ion signal comes from a surface
complex of hydrogen and carbon monoxide (HCO)t (this will be discussed
later), then reaction (22) must be eliminated as a possibility. Reac-
tion (23) could be first order in the decomposition of (HCO)* while
being of higher order with respect to the desorption of carbon mon-
oxide.
As will be discussed later, there is support for the formation of
a higher order complex of hydrogen and carbon monoxide,
HCO(ad) + nCO(ad) —*[H (C°U(ad)-
The decomposition of [H (C0)n]/acn would require more energy than the
decomposition of (HCO), so the reaction
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H
 <CO>n(ad) -*• H(ad) + "C0(ad) <24>
is attributed to the higher energy y-CO peak, and reaction (23) is
assigned to the lower energy 3-CO peak.
Electron induced desorption of surface species resulted mostly in
HS ions with a low yield of 0 ions. The 0 ion current exhibited the
same behavior as the H ion current indicating that the two originated
from the same source. The rate of increase of H ion current was pro-
portional to the carbon monoxide pressure when hydrogen was present in
excess, as described in section V D2. The H ion current was also pro-
portional to the hydrogen dose, t(Pu )^, when carbon monoxide was pre-
2
sent in excess on the surface, related in section V D3.
This led to the hypothesis that the H ion came from a surface
j~
complex, (HCO)*, where the asterisk indicates an EID active species.
These observations suggest the possible equilibrium reaction
H(ad) + C0(ad) — (HCO)*(ad) '<25>
If hydrogen is present in excess, then the quantity of (HCO)* will be
dependent on the quantity of carbon monoxide. If carbon monoxide is
present in excess, then the quantity of (HCO)* will be dependent on the
quantity of hydrogen.
When a clean substrate was introduced to a mixture of hydrogen and
carbon monoxide, the H ion current increased, peaked, and exponentially
decayed. (See Figures 39, 40, and 41) The initial rate of rise was
proportional to the square root of hydrogen pressure,, indicating that
hydrogen adsorption was involved in producing the EID active species.
The decline in the H ion current had a time constant inversely pro-
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portional to the carbon monoxide pressure, as can be seen in Figure
31.
This is interpreted to mean that carbon monoxide is involved in
the elimination of the H ion current as well as in its production.
There are two basic possible reasons for a decrease of an EID sig-
nal: a) a reduction in the population of the species and b) a change
in the nature of the bonding of the species to the surface. An ad-
sorbate is attached to the surface by London dispersion forces, cova-
lent bonding> electrostatic bonding, or a combination of these. In the
case of chemisorption, measurements of surface potential difference
or work function changes, suggest that an adsorbate, by donating or
accepting electrons, changes the electronic density around its site.
52This influence extends out several sites away. Thus, the nearest
neighbor site to an adsorbed species will have altered electronic struc-
ture and may bond to an adsorbate differently. If this alteration is
such as to increase its binding energy, thus decreasing the adsorbate-
adsorbent distance, then Auger neutralization of any EID ion formed
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will increase, consequently decreasing the EID yield, or cross section.
If the surface complex contains more than one hydrogen, (H C0)*/acj\,
then the population of the species can be reduced by the reaction
<HnCO>*(ad) + C0(ad) -* 'HCO'(ad) + <Hn-lCO'(ad) <26>
This would indicate that (HCO) is not the species producing HS ions.
Since platinum is a dehydrogenating catalyst, formation of (HnCO) is
less likely than formation of (HCO). This is also indicated by in-
creased rate of decomposition of formaldehyde when the substrate was
cooled. One could also propose a disproportionate reaction
(ad) —^ (Hn-lCO)(ad) + (VlcO)(ad) (27)
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however, the rate of reaction would not be a function of carbon mon-
oxide pressure.
Assuming the EID active species to be'(HCO)*, its concentration
could be reduced by interaction with carbon monoxide:
(HCO)*(ad) + C0(ad) ^  (0 = C •• H •• C = 0)(ad) (28)
This fits the kinetic requirements of a reaction involving carbon mon-
oxide that removes (HCO)*. The product contains hydrogen that would be
bound to the surface more strongly than hydrogen in (HCO)*/ .N. Tni's
"tying down of the hydrogen" action can be carried further. It is
known that adsorbed CO molecules can interact with the carbon of one
molecule bonding to the oxygen of another. The surface structure
C 0
0 _ . C
is believecLby Yates and Madey to be responsible for the exchange of
oxygen isotopes when CO is adsorbed on tungsten. It is also well re-
cognized that a six member ring is unusually stable and is frequently
an intermediate structure in reactions. This leads to the extreme
possibility of the structure
H H
.0
where the bonding of hydrogen is not specified. Such a structure is
certainly hypothetical. The reaction of equation (28) however, should
be modified to
(HCO)*(ad) + nCO(ad) -^  [H (C0)n](ad) (29)
to account for the possible subsequent steps.
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Figure 33 presented a plot of Hs/t(PH Y* versus tP . The quotient
Ht/t(Pu )2 should be constant if adsorbed hydrogen is the Hc producing
-> ftn S
species. This could be interpreted as a reduction in cross section
resulting from the influence of carbon monoxide. If adsorbed carbon
monoxide was reducing the cross section by associating with the hy-
drogen, one would expect the decline to begin immediately, especially
since this entire curve is in the region of linear carbon monoxide
adsorption at its highest sticking probability and the CO coverage is
considerably greater than the hydrogen coverage. Alternatively if the
HS producing species is formed from hydrogen and carbon monoxide, then
the concentration of (HCO)* would increase, as seen in the plots of
HS versus time. Since this is now being normalized with respect to hy-
drogen, the term should remain constant, as it does for a considerable
+ i*time. The decrease in Hs/t(PH )2 now must be regarded as the result
of a decrease in (HCO)* population, which could have been effected by
the association or combination of (HCO)* with CO, as described in
equation (29) producing an EID inactive species.
The thermodesorption spectra of hydrogen from mixtures of hydrogen
and carbon monoxide (Figure 20) indicated that hydrogen filled a low
energy bound state first, then filled and transferred to a high energy
bound state. If it were assumed that the hydrogen gas desorbed came
from isolated adsorbed hydrogen atoms, then interpretation would be
difficult indeed. It is generally accepted that in the case of multi-
ple binding states, the high energy state fills first, followed by the
lower energy states.
It is more reasonable to assume that the desorption spectra origi-
nated with surface reactions involving hydrogen containing species,
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especially since these "multiple state" spectra were only obtained
when carbon monoxide was present on the surface. Thus it will be
assumed that an adsorbed hydrogen atom adjacent to an adsorbed carbon
monoxide molecule, interacts with it. For simplicity, and as a start-
ing point, the first stage of interaction was symbolized as (HCO)*, w
and was considered to be the EID active species.
Making a comparison of the EID flash results with the hydrogen
(in mixture) thermodesorption spectra, as shown in Figure 44, we see
that the H$ ion current decays at a temperature corresponding to the
pH£ peak. It was stated previously that the oiHg thermodesorption
peak was not necessarily different from the &H2 peak. This possibility
had to be acknowledged because the temperature ranges overlap and a
specific-assignment of a T cannot be made in the case of second order
thermodesorption. The
 a hydrogen is adsorbed atomic hydrogen, not
associated with anything. It is proposed that 3 hydrogen is adsorbed
atomic hydrogen associated with carbon monoxide. As seen in Figure
44, at low dosages, there is a component of the 3 peak that begins
desorption at low temperatures. As the dosage increased the peak
shifts to higher temperatures and the starting temperature shifts
upward to the starting temperature of the H$ desorption, which was es-
sentially constant. This upward shift of starting temperature with
increasing coverage is not characteristic of first or higher order
desorption. Now if the initial stage of desorption of the 3 peak con-
sisted of an a hydrogen component, this anomaly would be elucidated. In
the early stages of adsorption a significant amount of unassociated
atomic (a) hydrogen was present and upon desorption revealed itself
as the initial rise in the 0 peak. At longer dose times, more carbon
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monoxide was on the surface and more hydrogen was associated into (HCO)*
leaving less in the a state. This resulted in less a component and more
B component in the first desorption peak. As the 8 component increased,
Sthe temperatures of BH desorption and H desorption approached a common
value.
The identification of the B hydrogen peak with the proposed EID
H ion producing species (HCO)* posed the problem that 9fiu does not
^ P rlr»
+ 2
follow the HS ion current upon adsorption. It must be recognized that
the H ion current was measured upon adsorption, while 9RU was deduced
S Prlp
from desorption measurements. It is established that species in a low
energy binding state can undergo transition to a higher energy state
n
during the thermodesorption process. In other words, the thermodesorp-
tion technique failed to provide accurate coverage data for each sur-
face species. The HS ion current therefore, is presumed to indicate
the relative surface coverage of the B hydrogen producing species.
The high temperature desorption peak of hydrogen, (Y)» probably re-
sults from a higher degree of hydrogen-carbon monoxide association,
[H (C0)nl as proposed in equations (24) and (29). Although the T for Y
hydrogen is greater than that of Y carbon monoxide, Figure 42, which
has been drawn so that equal areas under any curve represent equal
coverages, revealed that the coverage of carbon monoxide is greater than
that of hydrogen throughout desorption.
In addition to a heterogeneous surface we must consider that vari-
ous reactions of unknown nature are occuring upon thermodesorption, as
revealed by the "pumping peaks." This phenomena could be explained by
the "ideal site" theory or by surface rearrangements, a more comprehen-
sible concept that seems to have more credibility. Taking these con-
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siderations into account, it is quite possible for reaction (24) to
occur over a wide range of temperatures with the major fraction giving
the peak of the carbon monoxide desorption by
C0(ad) <30>
and the remainder decomposing to give the hydrogen peak and the car-
bon monoxide tailing
'n-l] (ad) — * H(ad) + "-1 c°(ad)
(gj
In summary, when the EID studies are combined with the thermodesorp
tion studies, the assignments made to the thermodesorption spectra are:
aCO: pure "CO desorption
SCO: (HCO)* — ^  H(ad) + C0(ad)
I I - ___^
 C
H H?2(ad) - ^  2(g)
YCO: [H (C0)n] _ C0(ad) + H(CO)n_1 -. H(ad) + n-1 C0(ad)
I i
^H r
3H2:
-* pure H desorption
CO1, u (g)!(g)
YH2: [H [C0)n] -^ C0(ad) + H (CO),,, —^ H(ad) + n-1 C0(ad)
(aQ) |
(ad)
H22(g)
127
The formation of the EID HS ion producing species is probably
H!ad) + c°(ad)
and the destruction of the EID species upon further adsorption reactions
is probably
(HCO)*(ad) + nCO(ad)_^[H (C0)n](ad)
in addition to the influence on cross section of induced heterogeneity.
When the adsorption of hydrogen and carbon^ monoxide are compared with
the EID HS adsorption spectra an overall pattern of interaction can be
seen. The adsorption of carbon monoxide causes immediate deviation of
hydrogen adsorption from that in the pure state (Figure 2]) while caus-
ing an increase in H* flux owing to association with the hydrogen
(Figure 3] and equation 25). At a time called t the rate of forma-
tion of (HCO)* is equalled by a second reaction, removing (HCO)*(equa-
tion 29). Also at this time the adsorption rate of carbon monoxide
starts deviating from that of pure CO (Figure 12) as H(CO) is formed.
This suggests that the electronic interaction of CO with the substrate
is such as to inhibit the adsorption of hydrogen. Since CO combines
with adsorbed atomic hydrogen the inhibition reaction would have to be
an interaction of either CO or (HCO)* with physisorbed hydrogen mole-
cules diffusing along the surface. The product of the second stage of
interaction causes an inhibition of the adsorption of carbon monoxide.
This could be either by electronic effect or by competition for sites,
since the H(CO) structure would have a different steric effect than
the CO molecule alone.
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PART VII
C O N C L U S I O N S
A. Summary of Results
The adsorption of carbon monoxide on platinum (111) has been found
to obey first order kinetics with a sticking probability of 0.76. The
maximum coverage of CO was one half the number of sites, suggesting
that each CO molecule is bound to two surface sites.
The adsorption of hydrogen on platinum (111) has been found to obey
half order kinetics. The behavior obeyed a two step adsorption pro-
cess, confirming Lewis and Corner's FEM studies of physisorption as hy-
drogen molecules followed by slow dissociative chemisorption. The
_3
maximum sticking probability found was 7.5 X 10 and the maximum ob-
served coverage was 0.29^ .
The coadsorption of hydrogen and carbon monoxide was found to re-
sult in attenuated adsorption of each gas. This did not appear to be
'mutual , but rather carbon monoxide or a reaction product of hydrogen
and carbon monoxide (HCO)*, reduced the rate of hydrogen adsorption
while a s'econd reaction product H(CO)n> appeared responsible for the
attenuation of carbon monoxide adsorption.
The electron induced desorbed HS ion was found to originate from a
hydrogen-carbon monoxide surface complex. It was accompanied by EID
Os ion emission that duplicated the H* ion characteristics. The be-
havior of the EID H ion current elucidated some surface reactions
that occured during thermodesorption. During coadsorption the reaction
H (ad) + C 0 ( a d )
produced the source of the H£ and 0* ions and the reaction
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(HCO)* + nCO > H(CO)
n
resulted in the destruction of the EID active species. The HS ion
current was, therefore, a proportional measure of the surface concen-
tration of a reaction intermediate.
B. Significance of Work
The EID phenomenon has been used before to elucidate thermodesorption
results when wall effects were interfering. In this work however, it
has been shown to be invaluable in the interpretation of surface reac-
tions occuring during thermodesorption. It v/as also discovered that
the H_ ion signal is a measure of the concentration of a surface com-
plex, (HCO)*, indicating that the EID phenomenon can be used to study
reaction intermediates. Techniques for observing reaction intermediates
are sorely needed in the field of catalysis and it is indicated that
this technique should be explored further in systems involving complex
chemical species.
The discovery of the "EID observation of isothermal desorption"
technique opens a new avenue of approach to determining the activation
energy of desorption or decomposition of surface species. In this
work, the HS ion current resulted from a molecular surface species
(HCO)*, thus the energy of decomposition was obtained. This could
not have been done by gas phase measurements as the decomposition pro-
ducts might not have desorbed. Other systems in which the EID signal
is the result of a single species such as H, 0, CO, etc. could well
utilize the isothermal desorption technique for stay time and energy
of desorption determinations. Not only is the problem of non-ideal
temperature programming obviated but problems caused by walls adsorb-
.... ,.
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ing the desorbed gas are also eliminated since only surface concentra-
tion is being measured. The credit for this idea should be given to
Dr. 0. B. Hudson.
In summary, this research has established a new experimental tech-
nique, extended the utility of an old technique, implicating its un-
used potential, and obtained some useful scientific and engineering
data.
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ABSTRACT
The reaction of oxygen with clean (111) and
(1OO) nickel surfaces and a (111) surface pre-contaminated
with sulfur has been studied using LEED, AES, and EID.
The variation of work function was investigated by a
secondary electron technique and by the retarding
potential method. A calibration was established
between the oxygen AES peak and the oxygen coverage,
and inelastic scattering of oxygen Auger electrons was
accounted for.
The reaction of oxygen with clean nickel
proceeds by the formation- of dissoc-iatively chemisor-bed
surface structures, followed by nucleation and growth
of NiO islands which cover the surface. Chemisorption
kinetics are Langmuirian until coverages of 0.34ML on
the (111) and 0.25ML on the (100) surfaces. Beyond
0.34ML on the (111) surface, NiO nucleates and grows
until a saturation coverage of 1.8 layers of NiO.
Adsorption beyond 0.25ML on the (100) surface occurs
into the chemisorbed layer until NiO nucleates at a
temperature dependent coverage between 0.3 and 0.4 ML
and grows to form a saturated surface at 2.0 layers of
xixi
s
NiO. For both orientations, the work function is
increased by the chemisorbed structure but decreased
by oxide formation. The p(2 x 2) chemisorbed structures
on both faces were associated with 0.25ML coverage,
but due to NiO formation, the c(2 x 2) structure on the
(100) surface never fully developed.
A model to describe NiO growth which assumes
that the perimeter sites of oxide islands are active
growth sites was shown to describe the experimental
data. The rate of NiO formation was limited either by
surface diffusion or by both surface diffusion and oxygen
capture of physisorbed oxygen. The reaction rate increased
with decreasing temperature and the negative activation
energy and oxide island density were determined to be
11 —21.4 kcal/mole and 1 x 10 cm , and 1.5 kcal/mole and
9 - 26 x 10 cm for the (111) and (100) surfaces, respectively.
Coherence broadening of the NiO diffraction patterns
provided direct experimental evidence for oxide islands
on the surface.
Broadening and energy shifts of the 60eV Auger
peak and a new peak at 12eV, both associated with NiO
formation, were interpreted in terms of band structure
changes upon oxidation.
XIV
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Increases of NiO coverage after saturation
were associated with a reversibly adsorbed ionic or
polar oxygen species with an adsorption energy between
12 and 25 kcal/mole.
The study of sulfur pre-contaminated (111)
•
nickel surfaces indicated that sulfur surface structures
with (5,/3 x 2) and (8^ 3 x 2) symmetries could be produced
by heating in vacuum at 1023 to 1073 °K. Oxygen caused
removal of the sulfur at temperatures near 300°K and
the only reaction product was SO . The reaction rate
• ' - ' '
 2
 . . ' . - ; • .
between oxygen and the (8,y3 x 2) sulfur structure was
analyzed in terms of the growth of oxide islands using
the model described above. The (5J3 x 2) data were not
amenable to analysis. .
PART I
INTRODUCTION
The interactions between gas molecules and solid
surfaces are important to many common processes. For
example, the adsorption and desorption of molecules are
important to component design, and. performance for vacuum
and space applications, and to the success of catalyzed
reactions. The solid phases which result from oxidation
processes are important to component performances in
applications such as surface lubrication, metal bonding,
electrical contacts, solid-state devices, and structural
components. Yet, a good understanding of the basic
phenomena underlying the gas/surface interaction has
not been achieved, primarily due to experimental diffi-
culties in characterizing the solid surface and the gas
adsorbed on, or incorporated in these surfaces.
Recently a number of sophisticated experimental
techniques, such as Auger electron spectroscopy (AES) ,
2 " • 'low energy electron diffraction (LEED) , and electron
induced desorption (EID) , have been developed for surface
research. These techniques are based on interactions
between electrons and solids, and in combination with
mass spectrometry and ultra-high vacuum (UHV) techniques,
have now made it possible to better characterize the
solid surface and study the gas/surface interactions.
Parameters such as surface cleanliness and structure,
adlayer concentrations and binding, and gas phase
reactants and products can begin to be characterized
in order to describe the surface reactions. The present
study has used these techniques to describe the reaction
between oxygen and clean (100) and (111) nickel single
crystal surfaces and a (111) nickel surface pre-contaminated
with sulfur.
In the case of oxygen on clean nickel surfaces,
the clean surface and the initiation of oxide formation
has been studied in detail.. The oxygen has been shown
to form a chemisorbed oxygen structure followed by nucleation
and growth of nickel oxide islands which cover the surface.
After achieving a saturation coverage of oxide, further
adsorption of oxygen only occurs if an ionic species
which assisted ionic transport is present. Kinetic ex-
pressions to describe these processes are presented, and
the relevance to the theories of low temperature oxidation
is discussed.
For the surface reaction between oxygen and
sulfur, the initial structure and quantity of sulfur
on the surface has been determined. It was shown that
\
oxygen causes removal of this sulfur as SO and that
the kinetics were consistent with formation of oxygen-
rich regions, with the surface reaction proceeding at
the perimeter of these regions.
Before describing the results in detail,.:the
interaction between electrons and solid surfaces, and
previous work on gas/surface interactions, with particular
emphasis on the nickel/oxygen system will be discussed.
PART II
ELECTRON INTERACTIONS WITH ADSORBATES AND ADSORBENTS
To understand the results obtained by LEED,
AES, and EID techniques, it is necessary to discuss the
complex interactions between electrons (with energies
less than 2000eV) and a solid.
Impinging electrons are scattered elastically
or inelastically by the solid, and can cause changes in
the electronic state of atoms or molecules at the surface.
It has been observed that electron bombardment may cause
desorption of adsorbate molecules , and that the rate
of electron induced desorption (EID) is specific to
the adsorption state. Since knowledge of the adsorption
state can provide important information about the gas/
surface interaction, EID is useful for studying the surface.
Additionally, it may influence the reaction being studied
and must necessarily be considered when electron beam
14techniques are used ' .
Beyond causing changes on the surface, impinging
electrons may be reflected or cause secondary electrons
to be raised to energy states above the Fermi level;
these "hot" secondary electrons may suffer further inelastic
5collisions which cause more "hot" electrons. , A portion
of these cascading electrons will be scattered within
a range close to the surface and in a direction such
that they will surmount the surface barrier and result
in electrons external to the sample. The energy dis-
tribution of these electrons is shown in Figure la,
where N(E) is the number of electrons with an energy E
and the primary electrons have an energy E . Three
P
regions are denoted in the figure; region I corresponds
to the elastically scattered primaries. Historically,
region II has been termed the rediffused primary region
and, III, the true secondary region. This distribution
has been well known for some time, with only recent
recognition that secondary electrons provide information
about the surface of the solid. The information is
specific to the surface because electrons with well
defined energies provide the information and the inelastic
scattering mean-free-path for these electrons is on the
0
 6
order of 10A or less . Thus, electrons originating
deep in the solid will lose energy and be eliminated
from observation. The information provided by secondary
electrons as well as by BID will be discussed in a more
detailed fashion.
A. Elastically Scattered Electrons (LEED)
The elastically scattered electrons in region I,
Figure la, may be scattered coherently or incoherently.
Electrons exhibit a wave nature and those scattered
coherently produce a diffraction .pattern as shown in
1928 by Davissdn and Germer . This was subsequently
applied to surface work by Farnsworth and co-workers
(see e.g. references 8 and 9) using a Faraday cage
9detection technique. They demonstrated that LEED
patterns are normally dominated by the first two atom
layers. In the early 1960's, a group at Bell Laboratories '
used a fluorescent screen display technique (described in
the experimental section) which increased the convenience
and popularity of LEED.
The theory, experimental arrangements, experimental
results, and applications of LEED have been reviewed by
2 12 1^  14.
several authors ' ' ' . The wavelength, \, associated
with low energy electrons is given by:
where V is in volts. The condition for constructive
interference from surface atom arrays is shown in Figure 2
Figure 1 Energy distribution of secondary electrons
from solids.
(a) Number of electrons with an energy E.
(b) Derivative of the number of electrons
with an energy E.
n(E)
i
Ep E
(A)
dEn(E)
(B)
8This condition is: ^ ...
for normally incident beams where d is the separationhk
of hk atom rows, n is the order of diffraction, and 0
is the angle between the incident and backscattered beams.
The conventions for surface crystallography have been
discussed by Wood . It is convenient to define a unit
mesh (analogous to a unit cell) based on the substrate
bulk crystal structure. These are shown in Figure 3a
and 3b for (111) arid (100) nickel. The respective
diffraction patterns from these mesh are shown in Figure
4a and 4b. ; ; /:" • .- .' ' " •"' r-" ": " .• • '• . . ';/' • //'',- '"'.,
Adsorbed gases have often been found to form
structures on the surface with a periodicity related by
integers to the unit mesh. These are called surface
structures or surface nets and are denoted with respect
to the unit mesh. Thus, a structure equivalent to the
unit mesh is denoted as p(l x 1) or simply (1 x 1) . .A
surface structure twice the size of a unit mesh is
denoted p(2 x 2) if it is primitive, or c(2 x 2) if it
is centered. Examples of a p(2 x 2) structure on (111)
nickel and a c(2 x 2) structure on (100) nickel are
Figure 2 Condition for constructive interference-between
scattered electrons.
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Figure 3 Possible arrangements of adsorbent and adsorbate
surface molecules.
(a) Atomic arrangement and unit mesh for
the (111) surface of nickel.
(b) Atomic arrangement and unit mesh for
the (100) surface of nickel.
(c) Unit mesh of a p(2 x 2) structure on
(111) nickel.
(d) Unit mesh of a c(2 x 2) structure on
(100) nickel. :
 r
(Ill)
UNIT MESH
(A)
(100)
r UNIT MESH
(B)
P(2X2) SURFACE
STRUCTURE
rC(2X2) SURFACE
STRUCTURE
OrOO
(C) (D)
11
Figure 4 LEED patterns observed from (a) clean (111)
nickel, (b) clean (100) nickel, (c) (111) nickel
with a p(2 x 2) structure, and (d) (100) nickel
with a c(2 x 2) structure. (Filled circles are
nickel diffraction spots; open circles are extra
diffraction spots.)
(Ill) (100)
(A) (B)
P(2X2) C(2X2)
(0 (D)
12
shown in Figure 3c and 3d, respectively. The diffraction
patterns are shown in Figure 4c and 4d. At times, the
surface net is rotated in relation to the unit mesh.
For a 30° rotation this is designated by R30°, e.g.
(^  x 73)R30°.
Considering the intensity of diffracted beams
versus electron wavelength, the Laue condition normal
to the surface would be completely relaxed if electrons
were totally scattered by the first molecular layer.
The diffracted intensity would then be essentially uniform
over small ranges of wavelength. Since the electrons
penetrate but only for short distances beyond the first
layer, the Laue condition is intermediate between two
and three dimensional diffraction. The diffracted
intensity is modulated by interference between parallel
layers and theoretically this yields information on
atomic species and position. To date, theoretical
analysis of the intensity has not been satisfactory
and, as we shall see, controversy exists concerning the
location of adsorbate molecules. (For example, the
p(2 x 2) and c(2 x 2) structures shown in Figure 3c
and 3d are only two of several possible structures which
13
2 12
could give the same LEED patterns ' .)
The diffracted intensity may still be useful
in analyzing the distribution of material on the surface.
If the domain size of a surface structure is small enough,
the diffraction conditions may be relaxed causing a
broadening of the diffraction spots. The coherence width
2 3° 13
for these electrons is on the order of 10 - 10 A , and
circular domains smaller than this cause uniform circular
diffuseness of the spots. Similarly, small lengths in
one direction can cause streaking of the spots. Both
conditions can also be caused by disorder of the scattering
centers. • . .' .' • .' ,', .'.' • •• : •"• : ••.•: '• -. v " -..'•-.- ;•',. /• -
B. Inelastically Scattered Electrons
LEED was the first modern surface technique to
be used extensively with the Inelastically scattered
electrons being ignored. A number of investigators '''
showed at approximately the same time that LEED optics
could be used as a retarding field electron energy
analyzer and subsequently, more information has been
obtained from the inelastic electrons. The structure
immediately below the elastic peak in the secondary
electron energy spectrum, Figure 1, is due to electrons
14
losing discrete quantities of energy to surface and bulk
plasmon excitations and/or to interband and intraband
transitions. These losses are characteristic of a given
solid and consequently are called characteristic losses.
19
They have been discussed in detail by Klemperer and Shepard
20
and Raether . More recent discussions on characteristic
_ ' O O ' " O *3
losses and gains and ionization losses at energies
removed from the primary peak are also available. While
characteristic losses hold some potential for surface
studies , they are mentioned here only to aid interpretation
of the secondary electron spectrum and will not be . -\
discussed further. :
1) Auger Electron Spectroscopy. Within regions
II and III of the secondary electron energy distribution
(Figure 1) are shown peaks (exaggerated in magnitude)
which represent secondary electrons generated by the
Auger process and are commonly referred to as Auger
electrons." An Auger electron is an electron emitted
'during the decay of an ionized atom to a lower excited
state. The physics of the Auger process has been
24 25discussed by Burhop and by Bergstrom and Nordling
The process is depicted in Figure 5. A primary electron '.
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(step 1 of Figure 5) may cause an initial ionization by
ejection of a relatively tightly bound electron (step 2)
of a surface atom. Subsequently (e.g. step 3) an electron
from a higher bound state may fill this lower energy
vacant state and the released energy may cause ejection
of either a photon or an Auger electron (as shown by
step 4). The sum of the probabilities of photon and
Auger electron ejection is equal to unity. However, for
a transition energy less than approximately lOOOeV, the
probability of releasing an Auger electron is close to
one while the probability of photon release is close to
zero.. ••.'_. ' ' . •'•.. J • • " • ' . " -•/ • V " -v-' ' :',' "•. .'-. •: '''•'•
. :' By convention, Auger transitions are denoted
;' - ' ' • - ' • ' . -.j.->'?V*;. . " ' ' " - ' " " . ' ' • -
by. :tl«?e£p: electron shell designations, e.g. LMM, where :
the first letter denotes the level of the vacant state
caused by the initial ionization, the second letter
refers to the original level of the electron which fills
. • . - • . . - o
the initial vacant state, and the last letter denotes
the level from which the Auger electron originates. Thus
the Auger process shown by 1-2-^ 3-4 in Figure 5 is an LMM
transition while that by 1-2-3-5 is an LMV transition,
where V stands for valance band. For sufficient energy
16
Figure 5 Schematic representation of the Auger process.
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separation, subshell designations must be used with
this scheme. The Auger transitions give a "fingerprint"
of the emitting element, and transition energies may
be roughly calculated from existing tables of atomic
O £•
energy levels (e.g. Bearden and Burr ) and making
corrections for energy level shifts caused by ionization
of the emitting atom . In addition to element identification,
the possibility exists of analyzing chemical states of the
1,27,28
elements through peak shifts and shape changes
29Lander was the first to suggest that Auger
electrons could be used in surface analysis, but it
remained for Harris to show that differentiation of
the secondary electron energy distribution makes the
technique feasible. Differentiation reduces the effect
of the large background shown in Figure la and allows
amplification of the Auger peaks. Thus rather than
working with N(E) vs. E, dN(E)/dE vs. E, shown in Figure lb,
is used. For retarding field analysis, differentiation
is accomplished electronically by modulating the retarding
voltage and detecting the second harmonic of this
18
modulation as described by Palmberg . There have been
recent reviews on the progress of and prospects for AES
18
O T
by Chang and Dooley and Haas
Although the qualitative ability of AES is
well documented by these reviews, quantitative calibration
is a very significant problem, especially when the element
being studied has a concentration distribution normal to
the surface. Several investigators have shown that the
peak to peak height of the derivative of an Auger peak
is proportional to coverage, at least up to one monolayer .
Palmberg and Rhodin have investigated multilayer effects
and, for uniform coverage, observed exponential decay
'of Auger signals with depth of origin below the surface.
"' ' • o - . . . . " ' - . ' . .
Escape depths were on the order of 4 to 10A and were
energy dependent. Gallon has developed a finite layer
model for signal versus depth of origin, but this relies
on experimental data for the primary and secondary mean
free paths and this is not generally available. Thus,
quantitative calibration of AES beyond a monolayer has
not been generally accomplished.
2) True secondary electrons. The true secondary
region is defined by convention to be the region between
0 and 50eV. This is dominated by -a large peak caused
by true secondary electrons and has a maximum at about
19
2eV, a full width at half maximum of about lOeV, and a
high energy tail which extends out to about 50eV. There
are smaller characteristic loss and Auger peaks in this
region, but they may not be detectable because of the
high background.
True secondary electrons result from primary
electrons creating secondaries which in turn create
t
tertiaries and so on, until a cascade of electrons with
decreasing energy is obtained. Theories of secondary
emission have been developed and discussed by several
authors ' ' , but in general the physical parameters
required to apply the theories are unknown. The true
secondary peak has not been used to date for surface
analysis, but will be used in this study to characterize
work function changes due to oxygen adsorption. The
important physical parameters which determine true
secondary emission are the Fermi energy, work function,
penetration depth of primary electrons, and escape depth
of true secondary electrons. For low surface.coverage,
changes of the work function caused by adsorbed oxygen
are expected to have a"large effect on changes of true
secondary emission compared to the changes caused by
20
the other important parameters. Since more than 95%
of the total secondary emission current is due to true
secondary electrons, both the secondary "emission
coefficient, 6, (defined to be the ratio of secondary
electron current to primary electron current) and the
area under the true secondary peak should reflect
variations in the work function. This is supported
by studies of adsorption of metal on metal in which
changes in 6 were directly correlated with changes
in work function ' ' . As the work function increased,
6 decreased and vice versa. The correlation between
secondary emission and work function variations must
:
 \ • • - • • . ' ' . • . . - ; ' •
necessarily be qualitative since we have neglected
electron mean-free-path variations and Fermi energy
shifts, but the correlation should be sufficient to
compare work function trends in the present study to
previous work.
C. Electron Induced Desorption
For establishing validity of any experimental
result, the perturbing influence of the experimental
techniques on the studied process must.be considered.
Cracking of poly-atomic molecules by energetic electrons
21
is well known and expected to occur on surfaces. In
addition, impinging electrons may cause desorption or.
conversion to other binding states of surface molecules. .
We will discuss these effects further.
These effects have been termed EID and have
— 36been reviewed by Redhead, et.al. •*, and Madey and Yates .
It is easy to show that the upper limit of direct energy
transfer from impinging electrons is about leV, but EID
has been observed for states with a binding energy of
as much as 6eV, therefore the process is caused by
37 38
electronic excitation. Redhead and Menzel and Corner
simultaneously postulated equivalent mechanisms for EID.
They postulated that ionization of surface molecules
occurred with a cross-section near that for gas molecules
(approximately 10 cm ), and this raised the molecule
to a;state where desorption from the surface could occur.
Due to the close proximity of the ion and surface, Auger
or resonance neutralization was very probable, therefore
the molecule might follow any of-four paths. If neutral-
ization did not occur, it might desorb as an ion. If
neutralization did occur, it might still desorb, but
as a neutral. After neutralization, it might readsorb
22
in the original state, or it might return to-another
adsorption state. These possibilities have been discussed
. _ ^ ...3,36,37,38in detail .
There are several ways to investigate EID
The material leaving the surface may be detected, e.g.
by a mass spectrometer or by collecting desorbed ions.
The material remaining on the surface may also be measured,
e.g. by the field emission microscope or by AES. AES
appears to be a particularly powerful technique since
it may be quantitative in certain instances and is capable
of determining fragmentation. Its disadvantages are
that primary voltages higher than optimum are required
and signal from adsorption states without an EID yield
may mask those states which do experience EID. EID will
be characterized in this study by measuring decreasesf . '. •
in AES peaks with electron bombardment.
To describe the EID effect, cross-sections may
be defined and measured for each of the adsorption states.
The ionic cross-section, Q., describes desorption of only
ions from the jth state, while the total cross-section,
TQ., for the jth state includes desorption of ions and
neutrals as well as conversion to other states. The ionic
23
cross-section is given by:
J. Oj
(3)
where I is electron current, i is the ion current from
J
the jth state, and a. is the ad-population of the jth
state. Since the ad-population in the jth state is not
generally known, Q. is more difficult to determine than
T 37 TQ,. Redhead has shown that Q. may be determined,
T
assuming Q is independent of a., by:
J 3'
where i is the initial ion current at zero time, e is
the ionic charge, and J is the electron current density.
Reported EID cross-sections have been collected by
3,39 36
Redhead and partially by Madey and Yates
VPART III
HISTORICAL REVIEW
A. Clean Surfaces
1) Cleaning techniques. If a nickel surface.
is "cleaned" by conventional solvents, then placed in
vacuum, AES will commonly show N, O, Ca, K, F, S, and
heavy C contamination; very poor or no LEED patterns
will be observed. After sufficient heating in UHV,
AES generally reveals high carbon and/or sulfur concentrations
and sulfur induced LEED patterns are observed ; i.e.
simply heating nickel in UHV will not produce an atomically
clean surface. (Clean must be defined in terms of AES
detectibility limits which are estimated to be about
0.02ML for C, S, and O1.)
The sulfur results from segregation from the
bulk to the surface ' ' , and carbon results from
bulk segregation and adsorption of CO and CO residual
40,42,43,44gases .
Additional cleaning techniques are required
45 46
and have been reviewed ' , but the most popular for
nickel is ion bombardment. This is generally accomplished
using argon ions with less than 600eV energy, current
24
f
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—6 ~5 ' 2densities of 10 to 10 amps/cm , and bombardment
times of about 15 minutes. The surface damage caused
by this bombardment can be removed by a subsequent
48
anneal. Farnsworth and Tuul have concluded that
annealing at 1023°K for fourteen hours will remove
this damage in nickel. This is consistent with Rantanen,
49
et.al. , who report that 500eV argon ions embedded in
nickel are all released by a temperature and time .of
898°K and six minutes, and with annealing studies for
gold which show bombardment damage is removed by annealing
at a homologous temperature of 0.4 (1023°K is a
homologous temperature of 0.6 for nickel).
Annealing may cause segregation of additional
carbon and/or sulfur to the surface. This may be eliminated
by cyclic bombardment and annealing to deplete the bulk
concentrations. Usually ion bombardment is accomplished
with the substrate at room temperature; some investigators
have bombarded at elevated temperatures to ensure
43 44diffusion and therefore depletion of bulk impurities '
Another method for cleaning nickel is by chemical
reactions .between adsorbed surface species and gases in
the system. Germer and MacRae have used oxygen at
26
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1 x 10 torr with the nickel at 773°K to remove unspecified
impurities. The residual oxygen was then removed by
-7 41hydrogen (1 x 10 torr) with the nickel at 473°K. Riwan
/
has used oxygen to remove sulfur from nickel surfaces at
elevated temperatures. Both Harris and Sickafus
have reported reduced sulfur concentrations after exposing
the surfaces to oxygen-containing atmospheres, but the
kinetics of this oxygen/sulfur reaction were not studied.
Oxygen chemical reaction has been shown to remove
40 44
carbon ' , but this may be complicated by a temperature
42,43,44
dependent, reversible segregation of carbon in nickel
It was initially stated that simply heating
nickel is not sufficient to clean it. However, when
the bulk carbon and sulfur concentrations are sufficiently
low, heating may cause dissolution of oxygen, leaving
a clean surface.
Recent studies using AES have shown that, in
- • ' - " i . .
general none of the above techniques alone will yield a
44
clean surface in every instance. Tracy has recently
reported a simultaneous ion bombardment and oxygen chemical
cleaning technique. We will report in this study, a
sequential technique of ion bombardment and chemical
27
cleaning. In both cases, AES was used to define when
the surface was clean.
2) Maintaining a clean surface. The dominant
residual gases in a diffusion pumped vacuum system are
CO and CO . CO presents the greatest problem since it
^ 52 53
adsorbs rapidly on nickel ' . and experiences self-
ft 54
oxidation ' , i.e. 2CO -» C + CO . To control this
problem, residual pressures are reduced to the 10 torr
range and the time between cleaning the surface and per-
forming the experiment is minimized. .
3) Structure of clean nickel surfaces. The
observed structure of clean nickel surfaces is that
expected from termination of the bulk metal lattice
This is shown in Figure 3a and 3b for (111) and (100)
nickel, respectively.
B. Results for Oxygen on Clean Nickel Surfaces
•
1) Low-energy electron diffraction. There have
been many investigations of the interaction of oxygen on
relatively clean nickel surfaces and those for the (100)
and (111) faces are referenced in Table 1. Since one
cannot characterize the kinetics and other aspects of
the oxygen reaction or determine whether a surface is
28
atomically clean by using only the LEED technique, it
seems desirable to re-examine the interaction using LEED ^
in combination with AES and EID techniques.
As indicated in Table 1, p(2 x 2) and c(2 x 2)
surface structures have been observed on the (100) face
with increasing oxygen exposure until at long exposures,
a NiO diffraction pattern was observed. For the (111)
face, a p(2 x 2) structure has been observed and MacRae
reported that this was followed by a (,J3 x */3)~R3Q0 structure
without subsequent formation of NiO at room temperature.
70Becker and Hagstrum have also observed a (,J3 x ,/3)R30°
69 64
structure, while Park and Farnsworth and Bauer reported
that only a NiO pattern was observed subsequent to the
p(2 x 2) structure at room temperature. Apparently Germer,
et.al. ' , and Bauer obtained the (,/3 x ,/3)R300 only after
4heating while Edmonds and Pitkethley observed it as a result
of beam dissociation of CO adsorbed on the (111) face.
MacRae63'65'71 has reported that NiO in the form of pyramids
exists on the (111) face after heating. It is obvious
that the sequence of surface structures beyond the p(2 x 2)
structure on the (111) face is in doubt.
Although LEED has clearly established the
29
TABLE I
Surface Structures Due to Oxygen on Nickel as Determined
by LEED
Face Structure
(100) p(2 x 2)
c(2. x 2)
NiO
Reference
f
2, 11, 48, 55, 56, 57, 58, 59,
61, 62, 63, 64, 66, 67
2, 11, 48, 55, 56, 57, 58, 59,
61, 62, 63, 64, 66, 67, 68
11, 48, 56, 57, 58, 65, 66, 67
(111) p(2 x 2)
V3 x VS
NiO
55, 63, 64, 69, 70
2, 4, 55, 64, 70, 72, 73
2, 63, 64, 65, 69, 71
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existence of surface structures for many adsorbates on
many different metals, the scattering species for these
structures are sometimes in doubt. Based on diffraction
spot intensities, reconstruction of the surface to a
nickel-oxygen layer (as opposed to a layer of.oxygen
chemisorbed on top of the nickel lattice) has been proposed
for the observed surface structures (see e.g. references
55, 56, and 75). Following May and Carroll , we define
a reconstructed layer as a surface alloy, one atom thick,
with the special property that the metal atoms have
separations which are exact multiples of those of the
12
substrate surface. May has summarized the rather
extensive number of observations concerning reconstruction
70
and Becker and Hagstrum have reported more recent
2 64 79
experimental results supporting reconstruction. Bauer ' '
 J
among others has challenged some of the evidence for
80
reconstruction and recent results by Lewis and Corner
with the field ion microscope have indicated that re-
construction may not be as general as originally postulated.
Thus, the matter is undecided. '
While the concept of surface structures is
almost totally a result ,of LEED, the established concept
31
of nucleation and island growth has only been re-emphasized
12by LEED results. This has been discussed by May in
connection with surface reactions between adsorbed gases.
81
In addition, Tracy and Blakely have applied the concept
to oxygen adsorbing on clean tungsten surfaces. This
12
concept has also found limited applications in catalysis
82 83
and ultra-thin film oxidation ' . Nucleation and growth
of oxide islands will be discussed in detail below, and
used to analyze experimental data from the present study.
2) Auger electron spectroscopy. There have
been no reported studies of the oxygen/nickel reaction
. using AES. AES has been used in several studies to
30 40 43 44investigate contamination of nickel ' ' ' The
capabilities of AES for measuring the kinetics of reactions
have been established by studies on other systems .
• ' • ' . - . . . - • . f .
843) Electron induced desorption. Young has
reported that oxygen ions are released when heavily
oxidized (and possibly contaminated) nickel surfaces are
bombarded with 90eV electrons, but other BID parameters
85
were not measured. Klopfer , using polycrystalline
nickel, has observed desorbed oxygen ions with an ionic
-21 2
cross-section of 1 - 2 x"10 cm , and desorbed neutral
32
-19 2O molecules with a total cross-section of 1.5 - 2 x 10 cm
2
14
This was true for oxygen coverage from 7.5 x 10 to
16 2 .
4 x 10 oxygen molecules/cm . Desorption of neutral
atomic oxygen was not detected.
4) Work function. Changes of the work function
during oxygen adsorption on nickel has been studied a
number of times. Farnsworth and coworkers ' ' have
measured changes of work function due to oxygen' on nickel
single crystals and attempted a correlation with LEED
patterns. For the (100) surface , they observed an
increase in the work function to a broad maximum between
maximum intensities for the p(2 x 2) and the c (2x2)
structures. A subsequent decrease to below the value for
clean nickel was associated with NiO formation. For
the (111) surface ' an increase in work function was
associated with the p(2 x 2) surface structure, but the
subsequent behavior was not reported,, MacRae reported
similar increases in the work function due to surface
structures on the (111) surface.
Work function changes have been used in several
investigations to characterize oxygen adsorption on
78
evaporated polycrystalline, nickel films. Roberts and
33
QO
Roberts and Wells have observed work function behavior
similar to that for single crystals for slow adsorption
rates, i.e., the work function initially increased, then
decreased to below the value for pure nickel. However,
for continued adsorption on evaporated films, the work
function increased again to above the clean surface
value. This effect has not been reported for single
88 .
crystal work. Roberts and Wells and Delchar and
89 •
Tompkins have both observed a decrease in the work
function upon warming towards room temperature a surface
saturated with oxygen at 77°K. Delchar and Tompkins also
observed work function decays with short time constants
after dose-wise adsorbing oxygen onto nickel. All of
these effects have been used to argue for reconstruction
74
of the surface; however, May and Germer suggest the
effects may be artifacts peculiar to vapor deposited films.
Several reservations about the use of vapor
deposited films are obvious. Contamination of the films
is probable and no method of monitoring is generally used.
High defect concentrations are present in films formed
by vapor deposition, and a complete anneal is not usually
.performed. .This could affect the transport mechanisms
34
(e.g. high vacancy concentrations could increase the
rate -of bulk diffusion) and indeed, sintering of the
vapor deposited films is commonly observed during ad-
90
sorption of oxygen . Finally, the surfaces of deposited
films are very rough and very reactive, and non-uniform
distribution of adsorbed oxygen, especially during dose-
wise gas additions, may account for some transient
behavior. Although some of these factors may be of
importance, evidence will be presented to show that
these peculiar variations of work functions may be
partially accounted for by adsorbed oxygen species.
5) Calorimetry and oxygen uptake methods.
91 92
Horgan and King ' have-measured the sticking coefficient
versus oxygen coverage on deposited polycrystalline
nickel films using a Wagener flow technique. At 293°K
and 373°K, the sticking coefficient, s (defined to be
the probability that an impinging gas molecule will stay
on the surface), decreased rapidly from an initial value
-2
of one to a minimum of about 10 , increased with
4.
increasing coverage to a broad maximum at 10 , then
rapidly decreased to a value less than 10 . Beyond
this point, s decreased exponentially with increasing
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coverage. Horgan and King interpret their results as
initial molecular adsorption (decreasing s) followed
by reconstruction (s at a plateau versus coverage) and
finally, classical thin film oxidation.
Calorimetric data for oxygen adsorbed on
90deposited nickel, reported by Brennan, et.al. , and
93Brennan and Graham . , was cited to support Horgan and
King's conclusion that oxygen initially adsorbed non-
dissociatively. Brennan and Graham have reported a heat
of adsorption of 77 kcal/mole at 77°K and 110 kcal/mole at
300°K. Brennan, et.al., have also reported 110 kcal/mole
as the heat of adsorption of oxygen on nickel at 300°K.
90This value is close to the heat of formation of NiO
However, both sets of investigators report (without
comment) that the heat of adsorption at low coverage and
at 300°K is less than 110 kcal/mole, and on the basis
of these data, the conclusion of non-dissociative ad-
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sorption was drawn. Cerny has also reported initially
low heats of adsorption at low coverages for several
metals and suggests that the effect is an artifact. Thus
the conclusion of non-dissociative adsorption during
the initial adsorption of oxygen on nickel is not well
supported.
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Klopfer has also investigated the sticking
coefficient versus oxygen coverage on a polycrystalline
substrate cleaned both by ion bombardment and by chemical
reactions. His results at room temperature were very
similar to those of Morgan and King's in that s initially
decreased, passed through a minimum to a broad maximum,
then decreased again as the oxygen coverage increased.
In all four of these studies, an estimate of
the total oxygen uptake was made. The calorimetry studies
indicated about two monplayers of oxygen were taken up
before the heat of adsorption dropped to a very low value.
Both Horgan and King and Klopfer concluded that the sticking
coefficient decreased below 10 at about one monolayer
of oxygen, but that several monolayers were taken up after
the sticking coefficient decreased below this value.
This slow uptake to several monolayers of oxygen was
-5
observed with oxygen pressures on the order of 10 to
1 torr. We shall see that higher oxygen pressures are
a prerequisite for this uptake at room temperature.
However, because the surface oxygen concentration is
not measured directly in any of the above methods and
because the true surface areas of deposited films are
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hard to determine, the accuracy of these reported oxygen
coverage values is difficult to judge.
Another study of significant interest to the
83
present investigation has been reported by Orr and
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partially by Rhodin, et.al. . In this case, the formation
of an oxide on deposited magnesium films was studied by
the Wagener flow technique. The reaction rate, as
characterized by the sticking coefficient, was initially
observed to be slow, increased as the oxygen coverage
increased, then decreased to low values at a coverage
of approximately three monolayers. This behavior was
postulated to result from nucleation and growth of MgO
islands with the perimeter being the active growth site
for lateral island growth. A model was proposed which
related the kinetics of island growth to the rate at
which oxygen molecules reached the perimeter;, three
limiting cases of oxygen transport were considered:
(1) limit by impingement rate, (2) limit by surface
diffusion of physisorbed oxygen, and (3) limit by the
rate of incorporation of oxygen into MgO islands. The
data were shown consistent with reaction rates limited
'by either surface diffusion or oxygen capture, and
electron microscopic analysis of the oxide indicated
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crystallite sizes consistent with the calculated density
of oxide islands on the surface. We will discuss the
model in more detail below and expand the treatment in
order to apply it to the reaction between oxygen and
nickel surfaces.
6) Field ion microscope (FIM) and field emission
microscope (FEM). Although these techniques might be
expected to contribute significantly to adsorption studies,
the probability of field induced artifacts is so
significant ' that the interpretation of results is
Qf QT OQ
in doubt and the<, few reported studies ' ' will not
be discussed in detail.
C. Summary of Oxygen Interaction with Clean Nickel
It is obvious from the preceding discussion
that no one technique can answer all the questions con-
cerning the nickel/oxygen interaction. We will discuss
the connection between the separate observations and
point out where clarification is desired. To accomplish
this, it is convenient to use the LEED work as a reference,
since experimental conditions were best controlled in
these studies.
Initially LEED shows the formation of surface
structures (for submonolayer coverage) which are consistent
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with the adsorption of oxygen on sites which maximize the
coordination number of the adsorbed oxygen. This is
accomplished by very rapid oxygen adsorption and causes
an increase in the work function. Uptake methods show
that the rate of adsorption decreases monotonically during
this stage. On the basis of LEED data, this initial
increase of oxygen on the surface must be associated with
chemisorption of oxygen. However, it is uncertain whether
these changes occur by classical planar adsorption (of
either molecular or dissociated oxygen) or reconstructive
adsorption.
Beyond this initial rapid increase in oxygen
coverage a reaction region in which the sticking coefficient
-2is about 10 is observed, but the connection between
results by different techniques becomes more confusing
and uncertain. In some cases, LEED indicates subsequent
surface structures thereby indicating further chemisorption.
Data taken by uptake and work function methods have been
analyzed by postulating that oxygen penetrates below the
nickel surface during this region causing an increase in
the sticking coefficient with increasing oxygen coverage.
The surface phase resulting from this penetration is
unspecified and LEED does not always indicate an NiO
40
pattern at long exposures.
Based on coverage data from the oxygen uptake
methods, an ultra-thin film oxidation stage follows when
— 3
the sticking coefficient decreases below 10 , but this
is not well supported by LEED studies.
The relation between the above observations
will be clarified by the present study. In addition,
the kinetics of the reaction, which have not been in-
vestigated or interpreted, will be discussed.
D. Surface Reactions on Pre-Contaminated Surfaces
There have been few studies of surface reactions
which were conducted in UHV using well characterized
12
surfaces. May - has discussed some of those reported.
Most studies have dealt with simple reactions using LEED
as the primary investigative technique with various gas
phase techniques as secondary methods. In some instances,
12 99incubation periods have been attributed to nucleation • ' •,
and in some cases island morphology of second phases on
12
the surface has been observed
There have been few studies in which the surface
concentrations of reacting species have been measured
directly by AES. Bonzel has reported such an investi-
gation of the reaction of oxygen with sulfur on a copper
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(110) surface, and since we will be concerned with a
similar reaction in this study, we will discuss Bonzel's
work in some detail. The study was concerned with
temperatures in the range of 883-1103°K and the only
reaction product observed was SO . The results were
£.*
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analyzed in terms of a Langmuxr-Hxnshelwood mechanism
which postulates that for the reaction to occur, both
species must be adsorbed on the surface and occupy
adjacent sites. Bonzel proposed that oxygen dissociated
on sites free of sulfur and that near 883°K the reaction
rate was proportional to the concentration of atomic
oxygen, while near 1103°K, the rate was proportional to
the square of this concentration. The important require-
ments for this reaction to proceed then, were dissociation
of oxygen and the occurence of adsorbed atomic oxygen
and sulfur on adjacent sites. We shall see a similar
situation in the present study.
E. Statement of the Problem . :
The above review of the literature clearly
reveals that a complete and consistent description of
the interaction of oxygen with nickel surfaces has not
been achieved. LEED and work function data have permitted
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partial characterization of the reaction, but there is
as yet no direct information on the surface oxygen coverage
and the kinetics of the reaction have not been described.
In addition, there is little or no information available
on the effect that other adsorbed molecules have on the
course of the nickel/oxygen interaction. Therefore,
the major objectives of the present study were to:
(1) Establish a calibration relating the AES
oxygen signal to the quantity of oxygen on the surface
and thus achieve a direct measure of the oxygen coverage.
(2) Establish connections between the data
- •'•:»*&. - '
obtained by LEED, AES, EID, and work function changes.
(3) Describe the kinetics of the reaction of
oxygen with nickel surfaces.
(4) Investigate the sequence of the reaction
of oxygen with clean nickel surfaces. In particular, to
describe^ the transition between chemisorbed oxygen and
oxygen in a nickel oxide structure, and to determine when
and if the present theories of low-temperature oxidation
are expected to apply.
^
(5) Investigate the reaction between species
adsorbed on a surface, to identify the parameters important
to the surface reaction, and to describe the kinetics of
such a reaction.
PART IV
EXPERIMENTAL EQUIPMENT AND PROCEDURE
A. Vacua and Specimen Chamber
The ultra-high vacuum system, shown in Figure 6,
was constructed predominantly of 304 stainless steel with
copper sealed UHV flanges and a few glass components.
Vacuum was achieved and maintained by an NRC VHS-4 oil
diffusion pump using Convalex-10 pump oil. The system
was roughed and backed by a Welch Model 1376 mechanical
vacuum pump separated from the diffusion pump by a VEECO
Coaxial foreline trap. The diffusion pump was separated
from the system by a Granville-Phillips 6 inch Cryosorb
liquid nitrogen cold trap. The cold trap liquid nitrogen
;
'ievel was automatically maintained from a pressurized
dewar using a temperature-sensing resistor to open a
solenoid valve and time-delay relay set for the proper
fill time. A lower limit temperature-sensing resistor
could interrupt power to the diffusion pump in case of
low liquid nitrogen levels.
The pumping system
 ;was: connected to the specimen
chamber by two four inch diameter TEE sections. A
Bayard-Alpert gauge (General Electric Model 22GT102 with
43
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Figure 6 Photograph of the experimental system and
associated electronics.
I
•
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associated power supply Model 22GC100) located on the second
TEE was situated so it was left on while the system and
the gauge were being baked. The gas inlets for both oxygen
and argon were located on the second TEE which in turn
connected to the specimen chamber. This chamber, shown
in schematic cross-section in Figure 7, housed the ion
gun, mass spectrometer, electron optics (three grids and
fluorescent screen), electron.guns for LEED and AES,
and the specimen. . .
All of the vacuum system, except the cold trap
and vacuum pumps, was baked at a maximum temperature of
513°K for more than 18 hours to reach the ultra-high
i • • -
vacuum range. Air circulation during baking insured that
the temperature within the oven was uniform to within 20°c,
exclusive of the area connected to the cold trap. This
-10
procedure reduced the system residual pressure to 3 x 10
as indicated by the ion gauge; it is suspected that this
limit was affected by the low pressure limit of the gauge
and control. After thorough component outgassing, the
-10ion gauge indicated 5 x 10 torr with both electron guns
and the mass spectrometer turned on and the substrate
at room temperature.
The ion gauge was used to indicate total pressure,
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Figure 7 Schematic cross section of the UHV specimen
chamber for surface analysis.
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but the 32 AMU mass spectrometer peak was used to control
oxygen exposures. This eliminated error due to wall and
31,39
filament gas reactions as discussed by Redhead, et.al.
Research grade oxygen (99.995+% pure) in break
seal flasks from Air Products, Inc. was introduced through
a bakeable Varian Variable Leak Valve. Prepurified grade
argon (99.998% pure) from Matheson Gas Products, used for
ion bombardment and mass spectrometer calibration, was
stored in a one liter flask between two Granville-Phillips
Type C UHV valves. Before filling this flask, the inlet
line was evacuated by a mechanical pump through a liquid
nitrogen cold trap and backfilled at least three times.
Titanium was generally deposited on the walls of the flask
before filling to getter-clean the argon before it was
used for ion bombardment. •The argon leak rate into the
system was controlled by the second Type C valve.
B. Substrate Configuration and Temperature Control
The substrate assembly is shown in Figure 8
102
and described in detail elsewhere . The nickel sub-
strate (Semi-Elements, Inc.) v/as a disk 9.5mm in diameter
and 0.15mm thick and was specified to be 99.99+% pure.
This was mounted on a molybdenum cylinder and pinned in
place with a molybdenum retaining ring. Heating was
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Figure 8 Schematic of the substrate assembly.
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accomplished by electron bombardment from a 0.125mm
tungsten filament which was totally enclosed by the
mounting cylinder to prevent electron and photon leakage.
The temperature was measured by a 0.076mm W-3%Re, W-25%Re
thermocouple spot-welded to the nickel substrate. The
temperature could also be checked by using an optical
pyrometer and the black-body sight hole. The temperature
was controlled by using the thermocouple output as a
feed-back signal to control the circuit supplying filament
power. This procedure is described in detail elsewhere
The substrate was electrically isolated (to
facilitate alignment and to identify artifact in the AES .
spectrum ) and thermally isolated by the alumina
support rod. To reduce the subsequent cool-down time
after heat treating, an electrically isolated liquid
nitrogen cold finger was incorporated into the system.
It was a 6.35mm diameter stainless steel tube with an
inner nylon conductor 3.2mm in diameter, and was thermally
coupled to the substrate by a flexible copper strap
(Figure 8). This cold finger also allowed investigations
at substrate temperatures below ambient. This entire
substrate assembly was mounted on a manipulator with
x, y, z, and rotary motion.
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C. Experimental Techniques
1) Gas phase mass spectrometry. The mass
spectrometer used, in this study consisted of a General
Electric RF Monopole mass filter section followed by a
ten stage electron multiplier. The output was amplified
by an electrometer and displayed on a scope or x-y recorder.
The ion source configuration was with one exception, that
commonly used (see Figure 12) and consisted of focus and
drawout electrodes plus an ionization cage with a thoriated
iridium filament to supply ionizing electrons. The
exception was that an extractor electrode was placed
close to the open-ended ionization cage to - improve the
capture efficiency of the mass spectrometer for ions .
generated by EID at the substrate and to repel ions formed
in the ion cage toward the analyzer section. During gas
phase operation, the electrodes were biased as follows:
(1) ion energy = 35V, (2) draw-out = -245V, (3) focus = 50V,
and (4) extractor = 50V.
As reported, the mass spectrometer was used to
measure oxygen pressures during experiments. The mass
spectrometer was calibrated for both oxygen and argon
against an outgassed and oxygen saturated ion gauge, thus
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the calibration could be checked at the end of each ex-
perimental run by using argon and the ion gauge. The
calibration of the ion gauge supplied by General Electric
was assumed to be accurate and a correction based on the
number of electrons in oxygen versus nitrogen was applied
to obtain the true oxygen pressure . Based on variations
of ion gauge sensitivities reported by Dushman and
Lafferty , the measured pressure is estimated to be
within 15% of the true pressure.
It was found .that high oxygen pressures, which
resulted in high electron multiplier currents, caused
considerable fluctuation in the mass spectrometer calibration.
This effect was minimized by reducing the electron ion-
ization current to 0.1 ma or 1.0 ma at appropriate pressures.
In addition, the mass spectrometer was turned off once
the pressure was stabilized at the desired value. Under
these conditions the mass spectrometer calibration change
during a single run was normally less than 3%.
In order to study the interaction of oxygen
with nickel, it is important to maintain low partial
pressures of other gases in the system. The gas
composition relative to oxygen versus total system
pressure (estimated by the ion gauge) is shown in
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Table 2 where the all peaks are referenced to m/e = 32 (02) =
100%. Although the absolute partial pressures of CO (28 AMU)
and CO (44 AMU) increased, the relative partial pressures
decreased with increasing oxygen pressure. The relative
— 9pressures are about 1.5% at 10 torr oxygen but decrease
_/-
to 0.1% at 10 torr oxygen.
The pumping speed of the system was calculated
— 9to be about 300 I/sec and recovery to 5 x 10 torr
* -
occurred in approximately 2 seconds and to less than
-91 x 10 torr in about 120 seconds. A typical spectrum
of residual gases is shown in Figure 9.
2) Low-energy electron diffraction. The
experimental configuration used for LEED is shown in
Figure 10. The filament voltage (and therefore the
electron energy) was supplied by a Fluke 415B regulated
power supply modified for isolated output and was typically
between 30 and 200 V. The electron gun was a VEECO LEG-2
with a lanthanum hexaboride filament. Since the gun
power supply was isolated, the current leaving the gun
and going to ground could be continuously monitored and
was shown to be equal to the current striking the sample.
This current was typically 1 to 4 juA and will henceforth
be termed the gun current. This current was regulated
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TABLE 2 .
Mass Spectrometer Peak Heights of Various Gases Relative
to Oxygen Peak Height
m/e =16 18 28 40 44 P. . , 'total
8.2% .5% 1.8% .85% 1.3% 6 x 10~9
8.5 .096 .45 - .38 7xlO~8
8.4 .051 .15 - .21 5 x 10~7
8.1 .028 .075 - .16 6 x 10~6
54
Figure 9 Typical spectrum of residual gases.
-do
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Figure 10 Experimental configuration for LEED.
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by feed-back regulating the current between the filament
and grid. Slow gun current drifts were still observed,
but these were compensated manually in order to maintain
a constant current output.
The substrate was positioned at the center of
curvature of the grids and fluorescent screen and was
grounded through an ammeter, thus the substrate current
could be continuously monitored. Grid 1 and the isolation
shield were grounded to eliminate stray electric fields
which would distort the flight path of electrons and
therefore the energy analyzing characteristics of grid 2. .
The filament voltage was applied to grid 2 and could be
varied ± 15VDC about this potential in order to suppress
the inelastically scattered electrons. The fluorescent
screen was elevated to +5000 VDC by a Spellman Model
RHR 5PN 30 power supply, and grid 3 was grounded to
prevent penetration of this voltage through grid 2.
Elastically scattered electrons, which could surmount
the energy barrier presented by grid 2, were accelerated
to 5000 eV to cause fluorescence when they struck the
screen. This technique of diffraction pattern display
is known as the post-acceleration technique. The
patterns were recorded photographically using a Crown-
57
Graflex camera and 4x5 Polaroid film.
Small increases in carbon and calcium (285eV
AES peak) on the nickel surfaces were sometimes observed
after LEED analysis. This probably resulted from desorption
of the elements from the LEED grids and/or fluorescent
screen during LEED operations.
3) Auger electron spectroscopy. The experimental
configuration used for AES is shown in Figure 11. As for
LEED, the filament voltage was supplied by the modified
Fluke 415B supply. The electron gun was a Superior
Electronics Model 3K/5U modified with an inert, replaceable
thoriated iridium filament . This filament was preferred
over the original tungsten filament due to better place-
ment and gun current, and preferred over a lanthanum
hexaboride filament due to poisoning of the latter in
oxygen atmospheres.
108
To increase the AES signal , the primary
beam struck the sample at a 15° glancing angle. The gun
power supply, as with LEED, was isolated, the filament
to grid current was regulated, and the gun current could
be continuously monitored and maintained constant. The
substrate current could also be continuously monitored,
58
Figure 11 Experimental configuration for AES.
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and grid 1 and the isolation shield were maintained at
ground to eliminate stray fields. A negative voltage
from a programmable Spellman Model RHR 5PN 30 power
supply was impressed on grid 2, which acted as a retard-
ing field energy analyzer.
At the same time, a 1000 Hz sinusoidal signal
from a Hewlett-Packard Model 200D Audio Oscillator was
passed through a passive bandpass filter centered at
lOOOHz (TT Electronics Model K17) to reduce signal
distortion. The filter output was used to drive an
audio transformer which supplied a full wave rectified
signal to the reference channel of a phase-sensitive
detector, and also impressed a sinusoidal voltage across
a ten turn potentiometer. This potentiometer was used
to apply a variable sinusoidal voltage on. top of the DC
retarding voltage on grid 2. Therefore, the secondary
electron current passing through grid 2 and collected
on the fluorescent screen was modulated over a small
energy range and created a voltage upon passing through
the one megohm dropping resistor. A voltage could also
be induced across this resistor by capacitive coupling
between grid 2 and the fluorescent screen. Grid 3 was
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grounded to suppress this coupling and thus prevent
swamping the secondary electron current signal.
As discussed by several authors ' ' , the
fundamental of the modulated signal is proportional to
the energy distribution of electrons, i.e. to N(E) in
Figure la. The second harmonic is proportional to
dN(E)/dE, shown in Figure Ib. We are concerned with
dN(E)/dE and therefore are interested in the 2000 Hzc
component of the modulated signal. Thus, the dropping
resistor voltage was applied to a passive bandpass
filter (TT Electronics Model K17) centered at 2000 Hz
and the output applied to the input channel of the
phase-sensitive detector (Princeton Applied Research,
HR-8 Lock-In Amplifier). This amplifier vastly improved
the signal to noise ratio by frequency and phase con-
siderations of the input and reference signals . The;
HR-8 produced a DC voltage output which was plotted
versus retarding potential giving a dN(E)/dE versus E
curve as shown in Figure Ib.
A motor-driven potentiometer (Helipot Model 939)
in the resistance programmed Spellman supply, was swept
to obtain the energy distribution of Figure 1. Different
sweep rates were obtained by step-wise variation of the
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drive motor voltage. -
The primary voltage for AES was 1500V and the
gun current was 20/oA unless otherwise specified. The
modulation voltage was 8 VPP (volts peak to peak) for
the 0-1500V region unless otherwise specified; 1 to 2 VPP
modulation voltages were used in the 0-80V region.
To investigate the 0-80V region, the AES
experimental configuration was as previously described
except that the Spellman output voltage was divided to
one tenth of its original value. Zero electron energy
was established by measuring the potential on grid 2.
Low energy electrons were observed which did not originate
from the nickel sample. They were distinguished from
the electrons originating at the substrate by negatively
biasing the sample. This increased the energy of electrons
from the substrate by an amount equal to the bias voltage.
4) Electron induced desorption. AES was used
to study EID in this investigation. The experimental
arrangement was as previously described with the various
peaks being measured with time of electron bombardment.
In addition, variation of the secondary emission co-
efficient was used to study EID. Primary electron
energy for the AES arrangement was 1500V; currents up
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to 40 /iA, and modulation voltages up to 16 VPP were used.
The system was capable of investigating the
ionic species desorbed during BID both by collecting the
total desorbed ion current and by mass spectrometric
detection of the ions. The experimental configurations
for the respective modes are shown in Figure 12a and 12b.
The validity of the experimental setup was established
by measuring EID of oxygen from the molybdenum support
cylinder (Figure 8). No signal from nickel could be
detected by the mass spectrometer arrangement and the
-1.3
total ion current collected was only about 10 A per jiA
of gun current for lOOeV primary electrons. (The gun
current was limited to below 4uA.) Although variation
.of the substrate potential indicated that ions were
being desorbed, variation-of the potentials applied to
grid 1, the fluorescent screen, and the isolation shield
indicated extraneous contributions to the ion signal,
and the data are not judged trustworthy and will not be
reported.
5) Work function. The variation of work
function with oxygen coverage was investigated by two
methods. The first method was by observing changes in
the emission of secondary electrons. These changes
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Figure 12 Experimental .configuration for EID.
(a) Total ion current mode.
(b) Mass spectrometer mode.
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were characterized by measuring the secondary emission
coefficient and by measuring the true secondary electron
peak height. The experimental configuration for both
measurements was the same as that for AES (Figure 11) .
A 20 pA beam of 1500eV primary electrons from the AES
gun struck the substrate. Since the substrate was
connected to ground through an ammeter, the current to
ground, i , could be measured. The secondary emission
s
coefficient, 6, was calculated by ,
l£ii (5)
The true secondary peak height was measured with the
AES configuration for the 0-80eV region discussed
previously.
The second method for measuring work function
changes was the retarding potential method , using the
experimental configuration shown in Figure 13. The LEED
gun was used for this experiment with an electron energy
of 51eV. Grid 1 and the isolation shield were grounded
to eliminate electric fields. The substrate current
was measured by an isolated Keithley 602 Electrometer
biased to a potential of approximately -48 VDC. This
potential was varied from -46 VDC, the voltage at which
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Figure 13 Experimental configuration for retarding
potential measurement of work function changes.
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all the 51eV electrons were collected on the substrate,
to -51 VDC, the voltage at which none of the 51eV electrons
were collected on the substrate. As the ^ oxygen coverage
changed parallel curves of substrate current versus bias
voltage were obtained with shifts equal to changes in
the work function.
D. Ion Bombardment •
The primary cleaning technique was ion bom-
bardment (IB) with the experimental arrangement shown
in Figure 14. During bombardment, the sample was rotated
135° to face the ion gun. A continuously pumped argon
. • . -s - ' " " • •
gas pressure of 5 x 10 torr was maintained during bom-
bardment. Ions were created within the nickel grid
iv • • - •
using 200eV electrons from tantalum filaments. The
ions were accelerated out of this region by the 450V
potential and produced a current of 7pA on the substrate,
—5 2i.e. a current density of approximately 10 amps/cm .
A negative bias of 50 VDC on the substrate had little
effect and generally was not used. Following IB, the
substrate was usually annealed at 1023°K for 15 minutes.
IB was used to remove gross contamination, as
when the surface was saturated with oxygen or after bake-out
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Figure 14 Experimental configuration for ion bombardment.
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For the (111) oriented sample, cyclic IB and annealing
were sufficient to reduce the sulfur concentration to
undetectable limits and leave carbon and oxygen peaks
which were small and resulted from adsorption of residual
CO, CO , and 0^ at room temperature. However, for the
2
(100) oriented sample, a large carbon peak was observed
after IB and annealing and an additional cleaning technique
was used. This will be discussed in the results section
as will the production of sulfur-rich (111) nickel
surfaces.
Ion bombardment was sometimes used to investigate
the depth distribution of adsorbates. The bombarding
procedure was the same in this case, but bombardment
times and argon pressures were carefully controlled.
Between intervals the sample was rotated to face the
electron optics for AES and LEED analyses.
E. Data Collection Techniques
To reduce the time required to change between
the various techniques in this study, a switching box,
located near the signal sources to reduce noise pickup,
was used. A change between LEED and AES could be
accomplished in 30 seconds.
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1) Oxygen on clean surfaces. Prior to a run,
an AES spectrum (0-1000V) was taken to ensure cleanliness
and a residual gas spectrum was taken for control. In
many cases these were taken while the sample was cooling
toward room temperature and in some cases, times of 30
minutes may have elapsed between taking the AES spectrum
and starting the experiment. In these cases, the AES
spectrum was spot checked for surface cleanliness and
additional cleaning performed if necessary. The reaction
was then studied using LEED, AES, or BID. The possibility
of electron beams affecting the reaction was checked by
varying the amount of gun current with time, experiments
run with and without beams and hot filaments present,
and by moving the beam over the surface at the end of
an experiment. After establishing that there were no
beam effects, LEED and AES were observed continuously or
intermittently (after pumping down to residual pressure)
but primarily intermittently during the run. LEED patterns
<> ' -
were always photographed at residual pressures. EID
was always studied with intermittent exposure. The
general behavior of the reaction was first established
.by the AES technique. Subsequently, cross-references
were established between techniques during a single run.
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After a run was complete, reference AES (0-1QOOV) and
residual gas spectra were taken and the mass spectrometer
calibration checked against the ion gauge using argon.
The oxygen pressure, as monitored by the mass
spectrometer, was varied both between runs and during a
given run to check the dependency of the reaction on the
oxygen pressure. The pressure range was generally from
—9 -62 x 10 to 1 x 10 torr oxygen, but some exposures to
_4
10 torr were made.
. 2) Nickel surfaces pre-contaminated with sulfur.
For the surface reaction between oxygen and sulfur, electron
beams and hot filaments in the presence of gas-phase
oxygen were observed to increase the reaction rate, so
the experimental techniques were modified slightly.
Reference AES and residual gas spectra were
taken before and after a run and the mass spectrometer
calibration was checked after a run. During the run, the
electron gun filaments and the ion gauge filament were
off when gas phase oxygen was in the system. The mass
spectrometer emission current was 0.1 ma and the filament
was used no more than was necessary when gas phase
oxygen was present. LEED and AES analysis were performed
only after pumping down to residual pressures. There
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were no observable effects of electron beams or hot
filaments on the reaction with only residual gases in
the system.
The oxygen pressure range used in this part of
—8 Athe study was 3 x 10 to 3 x 10"° torr.
F. Analytical Definitions .
We will deal with a number of quantities and
terms which are not v/ell defined by convention or by
the literature, therefore we state explicitly how they
are used in this study. . . . .-
The term adsorbed will be used to denote a
concentration of a species in the surface region. There
is no connotation as to how the species is bound in
the regions The term mono!aver (ML) is only used to
denote a quantity of adsorbed species normalized to the
theoretical atomic density of a specified crystallographic
plane of nickel. The term coverage refers to the concen-
tration of oxygen in the surface region and will be used
to denote both absolute amounts of oxygen and quantities
of oxygen normalized to a specified saturation concentration
of oxygen. For experimental data, oxygen exposure
(oxygen pressure x time) will be expressed in Langmuirs (L)
72
where 1L = 10~ torr-sec. Finally, the Auger peak heights
will be expressed with units (V//iA) where volts refer to
the signal magnitude measured by the HR-8 amplifier;
this is normalized to unit analyzing current by dividing
by the measured gun current.
PART V
RESULTS
A. Oxygen on Clean (100) Nickel Surfaces
1) Clean (100) surfaces. The primary cleaning
technique of IB and annealing left a high carbon con-
centration on the (100) surface. Although the magnitude
varied, initially the peak was 0.6/aV/^ oA. Based on the
oxygen calibration obtained (see below) and results for
CO adsorption on platinum which showed a carbon to oxygen
11?peak ratio (1570V primaries) of 1.35 , it is estimated
that this represents 0.6ML of carbon. This carbon exhibited
a temperature dependent reversible segregation between
the surface and bulk, which complicated the cleaning pro-
;>i
cedure. Carbon concentration versus temperature is shown
in Figure 15. The most effective method to eliminate
the carbon was to IB, anneal at 1023°K, lower the substrate
-9temperature to 948°K, and backfill with 5 x 10 torr
oxygen. A surface reaction apparently occurred to remove
carbon as CO . AES was used to make sure that carbon
X
was removed before pumping back to residual pressures,
and to ascertain that all oxygen had dissolved before
the substrate was allowed to cool. Cooling was initially
73
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Figure 15 Temperature dependent, reversible segregation
of carbon on nickel (100).
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by radiational heat loss but the rate at low .temperatures
was increased by using the liquid nitrogen cold-finger.
However, the cold-finger was not used until the residual
-9pressure decreased below 10 torr, thereby minimizing
the amount of gas pumped by the cold finger and the
subsequent gas burst when it was warmed. Even with this
cleaning procedure, carbon and oxygen peaks were generally
observed (Figure 16) before the run was started. Presumably
these peaks were caused by adsorption of residual CO,
CO , and O and some temperature induced carbon segregation
during cooling. Therefore a truly atomically clean surface
was not generally obtained for these studies. The
average value of residual carbon and oxygen peaks,
shown in Table 3, indicate average initial coverages
of .095ML and .025ML, respectively. Atomically clean
surfaces could be obtained momentarily by using extreme
care or elevated temperatures (to prevent CO and CO
adsorption and to permit oxygen and carbon dissolution).
To investigate whether or not CO adsorption
could produce these residual peaks and to attempt a
calibration for the amount of carbon on the surface,
the surface was cleaned and the ion gauge outgassed.
Outgassing caused a gas pressure estimated to be
76
Figure 16 Typical AES spectrum from 0 to 1000V from
"clean" nickel.
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10"^  to 10"^  torr which was composed predominantly
of CO; some CO and 0 were also present, at least
£ £
initially. The resulting carbon and oxygen AES peaks
are plotted in Figure 18 and indicate an initial region
where both increased, followed by a region in which
only carbon increased. This occurred in the absence
of the AES beam and indicates the reaction 2CO -* C + CO
£.»
occurred on the surface. Others have reported self-
4
oxidation of CO on nickel on the basis of LEED and
flash work . Thus CO can cause a carbon peak. The
oxygen peak may be due to adsorbed CO or due to inter-
action of the relatively clean surface with the
residual 0 and/or CO .
2 *•
The peaks observed in the inelastically
scattered electron energy spectrum are shown in Figure
16 and 17 for the range 0-1000V and 0-70V, respectively.
The observed energies and the peak origins are shown
in Table 4, where we have defined the peak energy by
the voltage of the maximum negative derivative. The
LEED pattern for the clean surface was that expected
by the termination of the bulk nickel lattice on a (100)
plane and the pattern is shown schematically in Figure 4b.
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Figure 17 Typical AES spectrum from 0 to 70eV from
"clean" nickel (2 VPP modulation voltage)
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Figure 18 Carbon versus oxygen AES peaks for nickel (100)
exposed to CO.
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Residual carbon did not lead to new patterns, even at
coverages up to 0.6ML, but did slightly increase the
background at high coverages.
>
2) Inelastically scattered electrons below
oxygen saturation. Upon introducing oxygen into ^ the
vacuum chamber, the oxygen peak at 507eV increased in
size until saturation was reached, beyond which the
signal increased only under special circumstances
described later. A typical spectrum at saturation,
shown in Figure 19, indicates two additional peaks on
the low energy side of the main energy peak. The
average peak heights at saturation are shown in Table 3.
The energy and origin of all three oxygen peaks are
listed in Table 4 where the origin is assigned on the
j P.
basis of energy levels reported by Bearden and Burr
with a correction for the ionized state as suggested
by Chang .
The magnitude of the oxygen AES peak is shown
versus exposure in Figures 20 and 21 for short and long
exposures, respectively. The oxygen coverage initially
increased rapidly with exposure, slowed for awhile, then
increased again until the saturation value was reached.
_Q
By varying the pxygen pressure between 2 x 10
-6
. and 2 x 10 torr both during a single run and between
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TABLE 4
Origin and energies of peaks observed in the inelastically
scattered electron energy spectrum.
Observed Energy (eV)
Nickel
Origin
Oxygen
8
12
49
57
60
103
655
680
704
710
728
772
776
843
860
12
472
487
507
(100 surface)
(111; surface)
Surface State
Surface State
Plasma Loss from M2,3W
M W
MIW
LM..M
Plasma' Loss from
•
lj2M2, 3M2,3
Plasma Loss from L^M-
L
3
M2,3V
L3W
L2W
' 1• i ->
V
KL1L1
KL1L2,3
Sulfur
139
150
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Figure 19 Typical AES spectrum from 0 - lOOOeV from an
oxygen saturated surface. .
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Figure 20 Oxygen concentration versus short exposures
for (100) nickel. A- 147°K; -I - 302°K;
@- 373°K; D- 398°K; <>- 423°K; V- 302°K,
C = 0.54 pV/|uA; O - 302°K, IB.
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several runs, it was demonstrated that, within experimental
error, the exposure parameter was the controlling parameter
for the reaction and this will be used throughout the study.
The curve shown in Figure 21 for oxygen coverage versus
exposure at 302°K (thirteen runs) has appreciable scatter
as indicated by the scatter bars. The origin of this
. i
scatter is uncertain, but it probably arises largely from
error in calculating exposure values, and to some extent
to system alignment variation and noise which causes
peak height variations between and during runs. (The
noise level was approximately 0.012juV/^ uA for the instrument.)
To reduce scatter due to system alignment error, all data
were corrected by a factor equal to the sum of the 60eV,
103eV, and 843eV nickel peaks divided by the sum of the
average of these peaks. Although this factor was up to
a 10% correction, the scatter was not significantly reduced.
The average values of the nickel peaks are given in Table 3
to facilitate comparison between this and future work.
Increasing the temperature slowed the reaction
at coverages below saturation as shown in Figure 21, but
did not significantly affect the reaction during the
initial rapid adsorption (Figure 20). Decreasing the
temperature to 147°K increased the reaction rate significantly.
86
Figure 21 Oxygen concentration versus long exposures
for (100) nickel. A - 147°K; -I - 302°K;
O,X- 373°K; D - 398°K; O - 423°K; V - 302°K,
C = 0.54 pV/pA; 0- 302°K, IB.
W3d S3V N39AXO
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We would like to quantify the oxygen AES peak
versus the amount of oxygen on the surface, bearing in
mind the previous discussion on AES calibration. To
accomplish a calibration, we consider the initial sticking
coefficient for oxygen on nickel. LEED data indicate
an initial sticking coefficient of unity , as do data
91 92by Horgan and King ' . Assuming that the maximum
initial slope, shown in Figure 20, corresponds to unity
sticking coefficient, a calibration constant of 4.3 x 10~
2(uV/juA) /(atoms/cm ) was calculated (including data for
(111) nickel reported below). On this basis, the apparent
saturation concentration of oxygen is 1.2ML of oxygen atoms,
i.e. greater than one layer. On the basis of this coverage
plus other evidence discussed below, a depth distribution
of the oxygen is expected and inelastic scattering, i.e.
absorption, of Auger electrons must be carefully considered.
Since the absorption effects depends on the oxygen surface
morphology, we will delay discussion of such effects until
after the reaction sequence has been described. Some
conclusions from this discussion will be anticipated; in
particular, it will be concluded that there are no
..absorption effects for oxygen coverages below 0.3
88
For low oxygen concentrations, we shall therefore
indicate monolayer-equivalent values of the coverage.
At saturation the true surface concentration is less than
15% greater than the uncorrected oxygen AES peak would
indicate.
Since a calibration has been established
between the oxygen AES peak and the coverage, and since
we have anticipated that corrections for absorption
effects will be relatively small, the derivative of the
adsorption curves (Figure 21) may be calculated, thus
yielding the sticking coefficient versus oxygen coverage
for (100) nickel (Figure 22). At 302 °K, the sticking
coefficient, s, initially decreased rapidly to a minimum
-1 -1
of 10 , increased to a broad plateau at 2 x 10 , then
decreased to below 10 . The minimum occurred at slightly
greater than 0.22 jaV/^ iA coverage (0.32ML) while the decrease
below 10 occurred at 0.87 yN/pA coverage. Decreasing
the temperature increased s at high coverages; increasing
the temperature decreased s, except in the initial
rapid adsorption region. This behavior of s versus
coverage is very similar to that reported by Horgan and
91 92 85King ' and by Klopfer .
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Figure 22 Oxygen sticking coefficient versus oxygen
coverage on (100) nickel.
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Although the relative partial pressure of
CO and CO were low at residual pressures and during
exposure of the sample to oxygen, accumulation of C on
the surface from adsorption of CO and CO plus the
residual carbon left after cleaning sometimes resulted
in surface carbon concentrations up to 0.15ML. This
is shown in Figure 23. To determine the effect of
carbon on the reaction rate of oxygen with nickel, a
large concentration of carbon (,54uV/uA or .55ML) was.
produced by IB and annealing at 1023°K for a few hours.
(No sulfur was detected after this treatment.) The
concentration of carbon on this surface versus oxygen
coverage is shown in Figure 23. Oxygen coverage versus
exposure for this surface is shown in Figures 20 and 21
and indicates that the oxygen coverage in the initial
rapid adsorption region was lower than on a clean surface,
but the adsorption behavior beyond this region was normal.
To explore further the carbon which accumulated
when oxygen reacted with nickel, the (100) surface was-,
exposed until the carbon coverage maximized at an oxygen
coverage of about 0.2pV/uA. The substrate was then
flash heated and the CO and CO peaks observed mass
.2 ,,,.,. -• -.,.-, "..,..„.-.,.,.- .
spectrometrically. Only a CO peak was observed, at
91
about 623°K and subsequently AES indicated the carbon
peak had disappeared. Thus the accumulated carbon was
in the form of CO which desorbed at 623°K. We will later
discuss the significance to the oxygen/nickel reaction
of both of the above experiments.
In order to check the possible effects of ion
bombardment induced defects.on the oxygen/nickel reaction,
a clean surface was produced and was ion bombarded for
five minutes at 302°K. The secondary electron spectrum
after bombardment showed 0.36 i^V/uA (0.36ML) of carbon,
0.07 ;aV//oA (O.lML) of oxygen, and a peak due to occluded
argon which could still be detected after oxygen
saturation. This bombardment treatment significantly
increased the reaction rate of oxygen with nickel
after the initial rapid adsorption region as shown in
Figures 20 and 21. However, a similar five minute IB
of a clean surface, carried out at 473°K, had no
detectable effect on the oxygen/nickel reaction at 302 °K;
the data were well within the scatter for other 302°K
data, even though occluded argon was detected by AES. .
3) Low energy secondary electron spectrum.
The secondary electron spectrum from 0 to 80 eV was
investigated during oxygen interaction and significant
92
Figure 23 Carbon AES peak heights versus oxygen concentration
for (100) nickel.
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Figure 24 Changes in secondary electrons peaks between
0 and 70 eV as a function of oxygen coverage
on (100) nickel (1 VPP modulation voltage;
oxygen coverage in /aV/pA) .
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changes were observed. The spectrum from 0-70eV for a
clean surface, shown in Figure 17, had a peak due to true
secondary electrons near zero energy, a peak at 8eV, and
a nickel peak at 60eV. (The slope changes shown in
Figure 17 at 20, 28, and 40 eV are not believed to be
caused by the nickel substrate since they did not respond
to oxidation as did the other peaks.) Spectra from
0-70eV with increasing oxygen coverage are shown in
Figure 24. For the clean surface, the true secondary
peak has a maximum positive derivative at 1.6eV and a
width between derivative maxima of 2.3eV. During the
initial rapid increase in oxygen coverage, the true
secondary peak height remained almost constant while
the maximum positive derivative and the width between
derivative maxima increased. Above 0.3jiV/juA oxygen
coverage, the peak height increased, and at saturation
oxygen coverage the maximum positive derivative had
decreased to l.leV and the peak width decreased to l,8eV.
The 8eV peak from the clean surface continuously decreased
as the oxygen coverage increased, while a new peak at
12eV appeared at oxygen signals greater than 0.3pV/joA.
The 60eV nickel peak initially decreased in intensity
without changing its shape as oxygen coverage increased.
95
However, above 0.3/aV//oA oxygen signal, new derivative
maxima at 49 and 57 eV increased in intensity as the
oxygen coverage increased. At oxygen saturation, these
new maxima dominated and the entire peak shifted about
3eV lower in energy. The origin of the 12eV peak and
shifts of the 60eV peak will be discussed later.
4) Work function changes. To demonstrate
that variations in the emission of secondary electrons
reflected variations in the work function due to adsorbed
oxygen, changes of the work function were measured by
the retarding potential method and are compared to the
secondary emission coefficient, oxygen coverage, and
temperature in Table 5 and, with the secondary emission
coefficients in Figure 25. The data are numbered in order
of increasing oxygen exposure in Figure 25. It can be
seen that changes in 6 do reflect changes in the work
function but that the relation was not linear. When
the work function increased, 6 decreased and vice versa.
Data points in Figure 25 labelled 16-18 were taken at
147°K and will be described shortly.
In addition to 6, changes in the true secondary
electron peak height are expected to correlate with work
96
TABLE 5
Work function changes versus secondary emission coefficient,
oxygen coverage, and temperature on (100)' nickel.
(volts) 6 9 (^ V//oA) T (°K)
302
302
' 302
302
302
302
302
302
302
: 302
302
302
302
302
302
147
147
147
a Positive indicates an increased work function;
negative indicates a decreased work function.
0.0
+0.32
+0.30
+0.18
+0.02
-0.05
-0.16
-0.31
-0.48
-0.58
-0.60
-0.64
-0.64
-0. 67
-0.64
-0.45
+0.04
+0.17
1.92
1.90
1.89
1.91
1.93
1.95
1.97
2.05
2.11
2.19
2.24
2.26
2.27
2.29
2.28
2.12
2.08
2.05
0.075
0.15
0.18
0.21
0.25
0.29
0.34
0.44
0.57
0.68
0.78
0.84
0.86
0.87
0.88
0.88
0.89
0.93
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Figure 25 Secondary electron emission coefficient versus
changes of the work function for oxygen on
(100) nickel. (Positive denotes increased
work function; negative denotes decreased work
function.) .
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function changes. Variations of 6 and the true secondary
peak height are used to indicate changes in the work
function versus oxygen coverage as shown in Figure 26.
During the initial rapid adsorption of oxygen, the changes
in 6 indicated that the work function increased. By
comparison with Figure 25, the maximum increase was
0.3 volts. Changes in the true secondary peak indicated
that the work 'function initially decreased slightly; the
increased true secondary peak height is believed to
result from interference with the 8eV peak which
decrease in height as oxygen coverage increased.
The position of the maximum positive derivative
and the width between the derivative maxima of the true
secondary peak may also be used to characterize the work
function variations. The true secondary peak maximum
shifted to higher energies and the peak broadened as the
work function increased, and vice versa as the work
function decreased.
With increased oxygen coverage beyond 0.3jaV//iA,
both 6 and the true secondary peak height increased,
indicating a reduction in the work function to a value
below that of the clean nickel surface. By comparison
with Figure 25, the maximum negative work function change
99
Figure 26 The secondary emission coefficient (solid lines)
and the true secondary electrons peak height
(dotted line)' versus oxygen coverage on (100)
nickel.
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was 0.6 volts. The behavior of 6 with oxygen coverage
was similar for temperatures above 302°K except that
the work function increased slightly more at low coverage
and decreased slightly more at higher coverages. At
147°K, the initial behavior of 6 was similar, but the
work function did not decrease at saturation to a value
as low as at 302°K. However, upon warming the sample
to room temperature in residual vacuum, 6 did increase.
to a value consistent with previous 302°K data. To
demonstrate that 6 truly reflected changes of the work .
function in this case, a surface saturated with oxygen
at 302°K was cooled to 147°K and exposed to oxygen. As
shown in Figure 25 (data points 16-18), the retarding
potential measurement indicated that the decrease in 6
was associated with an increase in the work function
to above the clean surface value.' However, the 6 -
work function relationship was not the same as previously
observed at 302°K. The reasons for this will be discussed
later. .
To further investigate the variation of 6 (and
therefore the work function) with temperature, a surface
was saturated.at 147°K.and warmed to higher temperatures
as. rapidly as possible. Changes in 6 and the oxygen AES
101
peak height were monitored. The oxygen peak height
decreased by about .03p.V/}*A upon warming from 147 °K to
373°K. The peak then increased about .03pV/uA upon
recooling to 147°K and exposing the surface to oxygen,
thus indicating a reversibly adsorbed oxygen species.
However, 6 was a more sensitive measure of changes on
the surface. Upon warming from 147°K to 192°K, a rapid
decrease followed by an exponential time decay for 6
was observed. After 6 stabilized, warming to 221°K,
245°K, and 373°K produced similar results. Near 147°K;
the magnitude of the rapid decrease and of the exponential
decrease of 6 were both about 0.05. Near 300°K, the
magnitude of the rapid decrease of 6 was about 0.005
and the exponential decrease was about 0.03.
This behavior indicates that a weakly reversibly
bound species is adsorbed on the oxygen rich surface
with a total coverage of about .04ML (absorption effects
are negligible in this case). The decrease of surface
coverage and increase of .6 as ths temperature increased
indicated desorption of this species. The fact that
this occurred over such a large range of temperature
indicated a range of adsorption energies for the species.
The adsorption energy range may be calculated from the
102
measured time constants for the increase of 6 (Table 6)
since the mean stay time, T, .for an adsorbed species
may be written:
T= T eE*/RT
' 'o ^ (6)
where T is the desorption attempt frequency, E is the
0 a
adsorption energy, and T is absolute temperature. Assuming
-13 -1T =10 sec , the adsorption energy is found to range
0
from 12 to 25 kcal/mole (Table 6). .
5) Oxygen coverage beyond saturation. Under
normal operating conditions, the concentration of oxygen
on nickel did not increase beyond the saturation value
of about 0.87^ iV/^ aA. However, if the substrate was
exposed to oxygen for long times at 147°K, or at 302°K
'x - .
with a high partial pressure of oxygen, then further
uptake was observed. This is shown in Table 7, where
after 2180L at 147°K with 1.6 x 10~ torr oxygen, the
oxygen concentration increased to 0.98;aV/uA. After
6 -4
2.5 x 10 L at 302°K with 1 x 10 torr oxygen, the
oxygen concentration increased to 1.05;aV/uA. At 302°K,
6 was decreased when oxygen was in the system indicating
that the work function increased at an oxygen pressure
-4
of 10 torr. Data from a control test at 302°K with
103
TABLE 6
Adsorption energies calculated from changes of the secondary
emission coefficient at various temperatures.
T (sec) T (°K) E (kcal/mole)
cl
120 •170 11.7
155 221 -,. 15.3
390 245 17.5
110 373 25.6
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TABLE 7
Conditions for which oxygen coverage increased beyond
the saturation value.
Condition
T = 147°K
Po =1.6xlO~7torr
T = 302°K
PQ =1.6x10" torr
Exposure x 10
(torr-sec)
96.
: 548.
1650.
2180.
120.
: 5760.
Time
(sec)
6.0 x 10^
3.4 x 10.
1. 03x 104
1.36x 10
7.5x "lO*
3.6 x 10
Oxygen Pk. Ht.
T = 302°K
P
,-6.2.25 (lxlO~°torr)
=lxlO"4torr 7.4 x 104
9.8 x 105
2,,5 x 106
2.25 ,
7.4 x 10!
9.8 x 10'
2.5 x 10*
0.88
0.93
0.97
0.98
0.81
0.89
0.88
0.90
0.94
1.05
105
1.6 x 10 torr oxygen are also shown in Table 7 and
indicate that the saturation concentration was not
exceeded.
A discussion of the magnitude of the effect
of inelastic scattering on the measured oxygen signal
at these higher coverages will be delayed until the
discussion section. We will anticipate the conclusion
that absorption effects are very significant in this
case. Because of this fact plus experimental difficulties
in working at high oxygen pressures, this additional
oxygen uptake was not studied in detail.
6) Low-energy electron diffraction. The LEED
patterns observed in previous studies of oxygen on (100)
nickel, shown in Table 1, were largely confirmed in
this study (see especially references 55 and 56). At
room temperature and low exposures, streaks were observed
through the h + %k + % positions and were parallel to
the [10] and [01] reciprocal lattice directions but did .
not pass through the integral order spotsi They indicate
a one-dimensional disorder at low coverages. With
increasing exposure, the streaks sharpened into spots
forming a p(2 x 2) structure. The maximum intensity of
106
a diffraction pattern was very crudely estimated by
judging intensities from consecutive photographs taken
under nearly identical conditions.and correlated with
AES. The ranges of detectible and maximum intensities
versus oxygen coverage at room temperature for the
p(2 x 2) structure was judged by the (^ O) spots (Figure
27). The same information for other patterns is also
shown in Figure 27. For the p(2 x 2}, the maximum
intensity was observed in the coverage range of 0.16
to 0.22 juV/uA (which will be shown to be 0.23 to
0.32 ML) and, surprisingly, the (%O) spots were observed
up to 0.55uV/|uA, although the intensities are very low
at this coverage. Beyond 0.16;aV/)jA coverage, the (%%)
and corresponding spots increased in intensity, marking,
the onset of the c (2 x 2) surface structure. This
occurred without streaking or diffuseness, contrary to
the p(2 x 2) case. The (%%) spot reached maximum
intensity between 0.27 to 0.31/aV/uA (0.39 £nd 0.45ML),
but a (%%) spot was distinguishable up to 0.8pV/juA
coverage. At .a coverage of 0.6/iV/juA the background
intensity had increased and a very diffuse NiO pattern
was observed, the intensity of which increased until
saturation. The oxide (100) plane was parallel to the
107
Figure 27 Ranges and maximum intensities of LEED patterns
versus oxygen coverage on (100) nickel.
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(100) nickel plane and the [Oil] directions were parallel.
The identification of the pattern as NiO was based on
both symmetry and approximate correlation between the
calculated lattice parameter and the parameter reported
for NiO. The calculated lattice parameter varied about
± 10% about the expected value, presumably because of
uncertainty in the measured diffraction spot separations
caused by the diffuseness of the spots. It is therefore
uncertain whether a "pseudo-oxide" with NiO symmetry
but with a 5% smaller lattice parameter, as reported by
74
May and Germer for (110) nickel, existed on (100)
nickel.
In addition to the previously reported LEED
sequence described above, unreported diffraction spots
were observed to develop along with the NiO spots. These
are shown in Figure 28 and were two additional sets of
diffraction spots, each consisting of four spots, observed
at a radius equivalent to the original, nickel (10) spot;
one set was rotated 30° while the second set was rotated
60° about the reciprocal lattice normal. These spots
were independent of the point on the surface sampled
by the LEED beam and were reproducible. Attempts to
account for them by multiple diffraction have been
109
Figure 28 LEED pattern showing diffuse NiO plus unexplained
diffraction spots. (a) Photograph .of LEED
patterns. (b) Schematic identifying diffraction
spots. (8 = 0.87/aV/uA; 86V)
(A)
EXTRA DIFFRACTION SPOTS
ORIGINAL Ni(Ol)
OSITION
NiO (01)
NiO(ll)
NfO(IO)
(B)
ORIGINAL Ni(IO)
POSITION
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unsuccessful and they do not behave as facet -beams.
Their, origin is uncertain, but will be discussed later.
Comparing oxygen coverages versus exposure
(Figure 21) and oxygen coverage versus LEED patterns
(Figure 27) at 302°K, one sees that the p(2 x 2) structure
maximized at about 8L while the c(2 x 2).structure maximized
at about 20 to 30 L. Comparing the low energy secondary
electron spectrum shown in Figure 24 with Figure 27,
one sees that the 8eV and 60eV peaks decreased in amplitude
during the formation of the p(2 x 2) and c(2 x 2) structures.
During formation of NiO, the 12eV peak appeared and
increased in intensity while the 60eV peak changed shape
and shifted downward. The sticking coefficient (Figure 22)
reached a minimum shortly after the p(2 x 2) structure
maximized, then increased during formation of the c(2 x 2)
structure and NiO. Similarly, the work function (Figures
25 and 26) increased during formation Of the p(2 x 2)
structure and remained high, but began to decrease at
about the same time the diffracted intensity from the
c(2 x 2) structure maximized. It decreased below the
clean surface value during NiO formation.
The LEED patterns from samples exposed at
elevated temperatures were similar to those observed at
Ill
302°K, except that the patterns were sharper for all
structures (i.e. p(2 x 2), c(2 x 2), and NiO) and the
(0^ ) spots were not observed to such high coverages.
The new diffraction spots equivalent to nickel (10)
were reduced in intensity at elevated temperatures;
the NiO spots were still very diffuse. The fact that
higher temperatures cause sharper LEED patterns has
been reported previously (Table 1) as has the fact
that heating an oxygen covered surface sometimes causes
sharper LEED patterns. . •
The LEED patterns observed at 147°Kwere
similar to the 302°K results in that the p(2 x 2) ,
c(2 x 2), and NiO (with the nickel-equivalent spots)
^sequence was observed. However, all of these patterns
were weak at 147°K and the NiO pattern was almost
undetectable. The NiO pattern was very apparent though,
after the substrate was warmed to room temperature in
residual vacuum.
Carbon accumulation on the surface during the
reaction (Figure 23) was not observed to affect the
LEED patterns. However, the patterns were affected
when the initial carbon coverage was as high as .55ML.
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In this case, the initial h + %k + % streaking was
followed by a p (2 x 2) structure in which the
and (Oh) spots were missing. This is one of the patterns
reported by Onchi and Farnsworth and by Armstrong
for CO adsorbed on (100) nickel. With increasing
oxygen coverage, a NiO pattern with the nickel-equivalent
spots was observed and at saturation completely displaced
the CO pattern.
LEED was used to determine whether ion bom-
bardment would cause surface structure degradation in
the reverse order as gas exposure. Ion bombardment
causes removal of surface oxygen and the LEED patterns
shown in Figure 29 indicate that patterns from NiO,
c (2 x 2) > and p(2 x 2) structures are observed with
decreasing oxygen coverage, i.e. the sequence observed
for increasing oxygen coverage is observed in reverse
order for decreasing oxygen coverage.
7) Electron induced desorption. AES was used
to study EID, but none could be detected by this method
for the substrate at 302 °K or higher for oxygen coverages
at or below saturation. EID was only observed with the
substrate at 147°K and oxygen coverage near the saturation
value. The AES oxygen signal decreased due to EID, but.
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Figure 29 LEED patterns showing that the sequence
(a) NiO (9 = 0.87/aV/jLiA; 86V), (b) c(2 x 2)
(9 •= 0.30$V/;uA; 68V), and (c) p(2 x 2)
(Q = 0.15juV/uA; 74V) structures are observed
wi?h decreasing surface coverage.
(C)
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since the signal level was only slightly above the noise
level, the measurement was not very accurate. The secondary
emission coefficient, 6, increased exponentially with
electron bombardment time, and was thus a more sensitive
measure of EID. The total cross-section calculated from
-19 2
variation of 6 was 5.x 10 cm . EID apparently occurred
from the loosely bound species previously shown to'exist
at 147°K. '
B. Oxygen on Clean (111) Nickel Surfaces
The study of oxygen reacting with (111) nickel
surface is not as complete as that for the, (100) surface
due to inadvertent destruction of the crystal. The
results do allow considerable insight into the reaction,
however.
1) Clean (111) surfaces. No reversible
segregation of carbon between the bulk and the surface
was observed for the (111) oriented samples, but large
quantities of sulfur segregated to the surface. Self
oxidation of CO on the (111) surface was not demonstrated,
but on the basis of data for CO on (111) nickel by
4
Edmonds and Pitkethley , self oxidation.probably occurred.
Small peaks caused by carbon and oxygen were observed on
115
the "clean" surface; the average values are shown in
Table 3. If the carbon and/or oxygen peaks were judged
to be too high before a run, the sample was heated to
773°K in 30 seconds, held at temperature for one minute,
then cooled again to the reaction temperature. This
treatment generally produced an acceptably clean surface.
The Auger electron peaks from this surface were identical
to those observed from the (100) surface and listed in
Table 4. The strong peak at 8eV was not observed, but
a very weak peak at 12eV was observed on the clean surface.
The LEED pattern from the clean surface was that which
was expected from termination of the bulk lattice as
shown schematically in Figure 4a. '. .
2) Inelastically scattered electrons. Upon
exposing the clean (111) surface to gas phase oxygen,
the oxygen AES peaks near SOOeV increased until a saturation
value was reached. The saturation spectrum from 0 to
1000 V was identical to (100) nickel shown in Figure 19.
The average nickel and oxygen AES peak heights are shown
in Table 3. The magnitude of the oxygen 507eV peak is
shown in Figures 30 and 31 for short and long exposures,
respectively. Although the reaction occurred faster .than
on the (100) surface, the same sequence of rapid adsorption,
116
Figure 30 Oxygen coverage versus short exposures for
(111) nickel. O - 147°K; -I - 302-°K; . V - 366°K;
A - 423°K.
>IV3d S3V N39AXO
117
Figure 31 Oxygen coverage versus long exposure for
(111) nickel. O. - 147°K; •! - 302°K; S?- 366°K
A- 423°K. . '
S3V N39AXO
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slow adsorption, fast adsorption, and saturation was
observed. The effects of temperature were also similar;
raising the temperature decreased the reaction rate while
lowering the temperature had 'the opposite effect. The
saturation oxygen value was not measurably increased by
-6
exposures to 1 x 10 torr oxygen for twelve hours. The
data have been corrected by a factor equal to the sum of
the 60, 103, and 843 eV clean nickel peak heights divided
by the sum of the average peak heights.
The amount by which the true oxygen surface
coverage differs from the measured oxygen AES signal due
to absorption effects will be discussed later. As for
the (100) surface, some results will be anticipated.
Absorption effects for oxygen on (111) nickel are negligible
for coverages of less than . 3juV/yuA, and at saturation
the true surface coverage differs from the measured
coverage by less than 15%. The sticking coefficient
can therefore be calculated and is shown in Figure 32.
It is generally higher than for the (100) surface, but
the shape versus oxygen coverage is similar. Initially,
s was high but decreased to a minimum of .04 at 0.3jaV/)aA
(0.34ML), then increased to a broad maximum of 0.1, and
-3
finally decreased to less than 10 at 0.89/aV/uA.
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Figure 32 Oxygen sticking coefficient versus oxygen
coverage on (111) nickel.
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Increasing the temperature decreased s and vice versa.
3) Low energy secondary electron spectrum.
The electron spectrum from 0 to 80eV for a clean' surface
was similar to that for (100) nickel, except that the
strong peak at 8eV was not observed from the (111)
surface. Instead a very weak peak at 12eV was observed.
as shown in Figure 33. As oxygen coverage increased
this peak disappeared, but at still higher coverages a
peak appeared at essentially the same energy (see Figure
33) and grew until saturation was reached. The 60eV
nickel peak behaved as for the (100) surface in that
it decreased in magnitude and new derivative maxima
were formed which shifted the peak to a lower energy at
oxygen saturation.
The true .secondary peak first decreased then
increased in magnitude with increasing oxygen coverage.
This is shown both in Figure 33 and 34. The width
between derivative maxima increased as the height
decreased and vice versa. Similar behavior is exhibited
by the secondary emission coefficient (Figure 34). The
behavior of both 6 and the true secondary peak indicated
that the work function initially increased, then at
0.28^ aV/;oA it began to decrease and at saturation had
121
Figure 33 Changes in secondary electron peaks between-
0 and 70 eV as a function of oxygen coverage
on (100) nickel (2 VPP modulation voltages;
oxygen coverage in
XI X5
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= 0.9!
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Figure 34 Secondary emission coefficient (solid lines)
and true secondary electrons peak height
(dotted line) versus oxygen coverage on
(111) nickel.
O)
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decreased to below the value for the clean surface.
At 147°K, measurement of 6 indicated that the work
function remained high, probably as a result of a
loosely bound oxygen species as for the (100) surface.
4) Low-energy electron diffraction. The
sequence of LEED patterns observed for the (111) surface
with increasing oxygen coverage was patterns caused by
nickel, nickel plus p(2 x 2), nickel, nickel plus NiO,
and NiO. LEED studies at coverages below 0.19uV/)aA (0.24ML)
were incomplete; therefore it was not determined if the
p(2 x 2) spots were initially, streaked or diffuse as
in the case of the (100') surface. Such an effect is not
reported in the literature. The lower limit on the
maximum intensity range for the p(2 x 2) structure is
also uncertain, but the upper limit of 0.24juV/jiA (0.3ML)
was established (Figure 35). Above 0.3juV/pA, the p(2 x 2)
pattern was no longer distinguishable. The nickel pattern
was visible until 0.83;uV/uA and above 0.59juV/pA, a very
.diffuse NiO pattern on a high intensity background was
visible. The (111) NiO plane was parallel to the (111)
nickel plane with parallel [110] directions as reported
69by >Park and Farnsworth . The (,/3 x ,/3)R300 structure
reported by MacRae was not observed. LEED patterns
124
Figure 35 Ranges and maximum intensities of LEED patterns
versus oxygen coverage on (111) nickel.
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at temperatures other than 302°K were not obtained.
Comparing oxygen coverage versus exposure
(Figure 31) and oxygen coverage versus LEED patterns
(Figure 35), one sees that the p(2 x 2) structure
maximized at an exposure of about 1L while NiO was
observed above 15L. Comparing the sticking coefficient
(Figure 32) with the LEED patterns, one sees that the
p(2 x 2) structure was observed when the sticking
coefficient was high, but the sticking coefficient
minimum was not associated with a LEED pattern. The
sticking coefficient was at the broad maximum when NiO
was first detectable with LEED. Comparing LEED patterns
with Figure 33 one sees that the true secondary, initial
12eV, and the 60eV peaks all decreased during formation
of the p(2 x 2) structure. The true secondary and
second 12eV peak increased while the 60eV peak changed
shape and shifted down in energy during formation of NiO.
5) Electron induced desorption. Only the AES
technique was used to study EID on the (111) surface
with no desorption being detected at 302°K.
C. Oxygen on Nickel (111) Pre-Contaminated with Sulfur
1) Surface preparation. To prepare a sulfur
contaminated surface, the substrate was initially ion
126
bombarded,, annealed, and checked for extraneous AES
peaks as previously described. Sulfur induced structures
were developed by heating the sample to 1023-1073°K during
which mass spectrometry indicated that sulfur was desorbed
from the surface. Sulfur coverage was evidenced by a
large sulfur peak at 150eV and a smaller peak at 139eV
as shown in Table 4. Structure on the 150eV peak as
114 .
reported by Dalmai-Imelik, et.al. , could be observed.
Average peak heights are shown in Table 3.
Two sulfur structures, as determined by LEED,
were observed, depending on the initial condition of
tire system. These structures, shown" in Figure's 36'
and 37, have been observed previously by Perdereau and
Oudar and by Edmonds, et.al. The latter authors
identified them as. coincidence structures having
symmetries (5,/3 x 2) and (8^ /3 x 2). Using radioactive
tracer techniques, Perdereau and Oudar reported that
14 2. ' 14 2
7.5 x 10 atom/cm and 8.1 x 10 atom/cm of sulfur
were present for these structures (compared to 1.9 x 10
2 117
atoms/on for clean (111) nickel). Perdereau has
calibrated AES by the adsorption of radioactive sulfur
..on .nickel, and by his data, these concentrations of
sulfur should result in ratios of 150eV sulfur to 60eV
127
Figuer 36 LEED pattern due to sulfur in a (5^ 3 x 2)
structure on (111) nickel. (74V)

128
Figure 37 LEED pattern due to sulfur in a (8>/3 x 2)
structure on (111) nickel. (78V)
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nickel peaks of 0.275 and 0.29 for the (5^ 3 x 2) and
(8,/3 x 2) structures, respectively. In the present case
average respective ratios of 0.27 and 0.28 are observed
and therefore the above values of absolute sulfur
S
concentrations are adopted.
In the present experiments, the (5^ /3 x 2)
structure was most often observed. The (8,J3 x 2)
structure was observed only on those occasions when
the system had been opened to the atmosphere, reevacuated
and baked> and the sulfur structure developed by short
heating times. In retrospect, this was unfortunate,
as the (&x/3 x 2)* structure appe'ared to be more nearly
perfect (uniformly sharp LEED spots) and gave more
reproducible results in the kinetics studies.
For both structures the AES spectra in the
range 0-1000V showed only large peaks for sulfur and
nickel and small peaks caused by carbon and oxygen as
shown in Figure 38. -
2) Kinetic studies. Upon exposing sulfur-
rich surfaces to oxygen, AES indicated the sulfur coverage
decreased while the oxygen coverage increased. AES
traces obtained in.one such experiment are shown in
Figure 38 for the initial surface, the partially reacted
130
Figure 38 AES spectra from 0 to 1000 V showing (a) sulfur
saturated surface, (b) oxygen/sulfur reaction
50% complete, and (c) reaction nearly to
completion.
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surface, and the completely reacted surface. . The results
of these AES measurements can be summarized in plots of
the relative surface coverage of sulfur and oxygen as a
function of oxygen exposure. These plots are shown in
Figures 39 and 40 for the two surface structures studied.
In the'se plots, 8 = I/I , where I is the peak-to-peak
s s at . "" • . -
height of the sulfur AES peak at any instant and I
sat
is the height of the peak observed for the sulfur
saturated surface. 8 is defined similarly. Data
presented represent experiments run at different oxygen,
pressures and experiments in which, the oxygen pressu-re
was changed' during the run, both of which indicated
that for any given value of 8 , the reaction rate was
s
directly proportional to the oxygen pressure; that is,
the extent of the reaction, (1 - 6 ), was a function
S
of oxygen exposure.
The oxygen coverage at the conclusion of the.
reaction, based on the ratio of AES peak heights for
oxygen and nickel, was the same as that observed for .the
saturation of oxygen on the clean surface of the same
(111) oriented crystal. In addition, the 60eV AES peak
was observed to broaden--and shift to a lower energy
indicating that oxygen occupied the surface as NiO.
132
Figure 39 Relative coverages of oxygen and sulfur with
sulfur in the (5^ /3 x 2) structure.
O- No. 1 (302°K) ;
& - No. 2 (305°K);
0 - No. 3 (303°K);
© - No. 4 (373°K); .
V - No. 5 (233°K).
,.. . The variation of" oxyg.eri'. coverage is showh' only
for ,No. .2.
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Figure 40 Relative coverage of oxygen and sulfur with
sulfur in the (8^ 3 x 2) structure.- (302°K;
2 runs)
*1H >IV3d
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LEED patterns observed during the reaction,
such as the one shown in Figure 41, indicated a progressive
increase in the background intensity with the sulfur
diffraction spots remaining sharp. The original pattern
could be distinguished from background until the reaction
was approximately 75% complete. At the conclusion of
the reaction, no LEED pattern could be observed at any
voltage. This is in contrast to the results observed
for oxygen adsorption on the clean surface, in which
a LEED pattern typical of NiO (111) is observed at the
same oxygen coverage. • :
In order to determine the gas-phase reaction .
products, the sample was rotated to face the mass spectro-
meter during some of the reaction sequences. Peaks
were observed at 48 and 64 AMU, in the ratio of 0.78/1.
100 - ' •
Bonzel , in his study of this same reaction on Cu(llO),
also observed mass spectrometer peaks at 48 and 64 AMU
in a ratio of 0.61/1, and showed by direct calibration
with gaseous SO that the peak at 48 AMU was due to
cracking of the parent SO molecule in the mass spectro-
£ • •
meter. It appears likely that the 48 AMU peak observed
here has the same origin, and we conclude that the sole
135
Figure 41 LEED pattern from (5^ /3 x 2) sulfur structure
and increased background intensity due to
oxygen; reaction is 60% complete. (74V)
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gaseous reaction product is SO . While the observed
£*
mass spectrometer peaks were large enough to permit identi-
fication of the reaction product, they were too small
•
(due to slow rate of reaction at the low temperatures
used in this study) to be used to characterize the reaction
rate.
It was observed that the rate of reaction .could
be affected by the presence of hot filaments or electron
beams operating in the system during the reaction process.
Reproducible results, could be obtained only by turning'
off all filaments and electron beams except that of- the
.mass spectrometer during the reaction. (The mass s.pectro-
meter had a low temperature filament-and time on was
minimized.) The nature of these effects suggest that
they involve the generation of atomic oxygen which then
reacts rapidly with the adsorbed sulfur. . -
PART VI
DISCUSSION
A. Oxygen on Clean Nickel
Before proceeding with a detailed discussion
of the experimental results, we will briefly summarize
them and indicate how they will, be analyzed in later
discussion. Based on the experimental data, the inter-
action of oxygen with clean nickel surfaces exhibits
three well-defined reaction regions. The first region
is the reaction taking place before the minimum in the
sticking coefficient and" is* a's'socratedwith chemisorption
of oxygen, i.e. chemisorbed surface structures are formed
with periodicities related to that of the underlying
nickel substrate. The sticking coefficient rapidly
decreases in this region while the work function increases.
We shall see that this region can be analyzed in terms
* '
of adsorbed oxygen blocking adsorption sites and preventing
further chemisorption of oxygen. We shall see that
inelastic scattering of Auger electrons is not important
during this reaction region.
The second reaction region is associated with
the formation of nickel oxide.- During NiO formation,
137
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the work function decreases to below the clean surface
value, the sticking coefficient increases to a broad
plateau and then decreases to a low value, changes of
the low energy secondary electron peaks occur, and a
diffuse oxide LEED pattern is observed. We shall see
that the kinetics of NiO formation may be analyzed in
terms of nucleation and growth of oxide islands on the
surface. Island perimeter sites will be shown to be the
active sites for the growth process. We shall also see
that absorption of oxygen Auger electrons by overlying
material occurs in this reaction region and the observed
oxygen signal must be corrected for this effect. An
explanation for the saturation coverage of NiO will be
developed based on an% argument concerning the physical
processes occurring during island growth.
The third reaction region is associated with
thickening of the oxide beyond the normal saturation
value. This ability to thicken has been associated
with an adsorbed oxygen species which increases the
work function of the substrate. An explanation for
this will be discussed in terms of present low-temperature
oxidation theories.
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. . . 1) Calibration of the AES signal. . To analyze
the kinetics of the interaction of oxygen with a clean
nickel surface, knowledge of the amount of oxygen which
has accumulated on the surface is very important. At
low coverages where absorption effects are negligible, a
calibration between AES peak height and the amount of
oxygen on the surface has been established by assuming
that the initial sticking coefficient was unity. This
value for the initial sticking coefficient is based upon
data from the literature^'^^. The calibration has been
shown consistent with the expected- 0.25ML concentration
of oxygen for the p(2 x 2) structure observed on both
the (100) and (111) surfaces.
The measured calibration constant should be
independent of the oxygen concentration on the surface
but we have already predicted that at coverages near
saturation the oxygen will be distributed over a distance
normal to the surface. In this case absorption effects
are expected, i.e. some oxygen Auger electrons will be
inelastically scattered by overlying material causing
the measured oxygen AES signal to indicate a surface
coverage which is less than the true surface coverage.
By considering the geometry of the emission of
140
Auger electrons, if the oxygen is distributed only one
layer deep, absorption should have a negligible effect
on the observed AES signal. This is supported by several
\
studies which have shown that the AES peak height increases
linearly with surface concentration for coverages up to
one monolayer . In the. present study, chemisorbed oxygen
structures cover the surface in the first reaction region,
but are only one layer deep and absorption effects should
not influence the data. In the second reaction region,
LEED patterns, changes in AES peaks, and work function
changes al-1 indica-te that n-i-ckel- oxide is- formed.- We
shall see that the kinetics of NiO formation may be
described by growth of oxide islands which are.1.8 layers
thick. Since escape distances are on the order of four
layers of material for Auger electrons, absorption effects
should be appreciable for the second reaction region
and must be considered.
We have previously discussed the reported
studies of absorption of Auger electrons. Gallon has
reported one such study in which he developed a finite
layer model to describe absorption effects. By considering
the probabilities of the scattering of a primary electron
and the creation of a back-scattered Auger electron which
141
has a finite probability of being inelastically scattered
by overlying material, Gallon concluded that the intensity
of the AES signal from n layers of material, I , is
given by
where I is the magnitude of the signal from the bulk
mj
material and I is the signal from a single layer of the
material. Attempts to measure I directly for oxygen
LKJ
in NiO were unsuccessful. However, we can approximate
the value of IQQ by curve fitting experimental data.
The oxygen coverage was decreased by intermittent
IB on (100) and (111) surfaces with saturation oxygen
coverages and on (100) surfaces with coverages above
saturation. Assuming the rate of oxygen removal was
linear with time, any curvature in the AES signal versus
IB time is caused by absorption of Auger electrons.
Experimental data is compared to calculated curves
(equation (6) ) in Figure 42 where I was selected to
be 2.2 pH/pA and I, was calculated from the calibration
constant and the theoretical densities of one layer of
(100) and (111), oriented NiO; as is obvious, the agreement
between experimental and calculated data is good except
142
Figure 42 Oxygen AES peak height versus IB time for
(100) and (111) surfaces. (Solid lines are
calculated curves, filled circles are data
points. Time scale for data from (111)
surface multiplied by 0.5.)
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at low oxygen coverages where readsorption of CO gases
J\,
maintained a residual oxygen coverage. Equation (6) can
thus be used with these values of In and 1^ to calculate
the material thickness corresponding to any observed
signal, I . On this basis, the saturation oxide coverage
is 1.8 layers on the (111) surface and 2.0 layers on the
(100) surface. The percentage error resulting from
absorption of Auger electrons is given by;
E = IT" In x 1OO (7)
^n
where Irp is the calculated signal corrected for, absorption
effects and I is the observed signal. The error at
saturation oxygen coverage is found to be 13% and 14%
for the (111) and (100) surfaces. The error in the
observed signals for coverages above saturation on the
(100) surface is calculated to be 17% for the lower
coverage and 24% for the higher coverage.
To determine if the calculated IQQ is reasonable,
consider the signal observed for a thick layer of NiO.
For a layer of NiO of thickness x with a mean free path
for oxygen Auger electrons of ju, the observed signal is:
1 = I^  (l-e'^ j (8)
144
or,
For IQQ = 2.2 p.V/fjA, /u = 9.5A for 507eV electrons in NiO.
This mean-free-path can be compared with other data in
the' literature.
Palmberg and Rhodin report mean-free-path
o o
lengths for Auger electrons in silver of 4A and 8A for
118
electron energies of 72 and 362 eV; Jacobi and Holzl
o .
report a path length of 7.5A for 262eV electrons in
•I -I Q
carbon foil; Baker and McNatt report path lengths
0
 o " • . . " ' • •
of 2.5A and 4A for 76 and 186 eV electrons in yttrium;
120 °
and Baer, et.al. , report a path length of 22A for
1200eV electrons in gold. The mean- free-path is not
a sensitive function of the absorbing material as demon-
c
strated by the data for Auger electrons in silver
118
versus carbon . (The electron density of silver is
six times that of carbon.) This observation is consistent
with work on the mechanism of inelastic scattering of
121 122low energy electrons in solids ' . The mean-free-path
is dependent upon the electron energy however, and
122 i-
Jones, et.al report that it varies as E 2 for electrons
in silver with an energy greater than 120eV. Assuming
the mean-free-path is independent of the absorbing
145
i^
material and applying an E 2 correction to determine
the path length of 507eV electrons the average value
4. o
from the literature data is 10. ± 4. A in good agreement
o
with observed 9.5A. .
Restating the conclusion drawn from the present
discussion of the effects of absorption on the measured
heights of the oxygen AES peak, there are no errors due
to absorption effects on the oxygen AES signal with
chemisorbed structures on the surface. For NiO on the
surface, absorption of Auger electrons decreases the
observed AES peak height by about 14% from the true peak
height. This effect must be accounted for in deriving
the kinetics of the growth of oxide islands on the surface-
Beyond the saturation coverage of NiO, the error in the
measured oxygen AES peak caused by absorption effects
rapidly becomes larger.
2) Kinetics of the formation of chemisorbed
surface structures. The initial reaction region of
oxygen with clean nickel surfaces has been associated
with the formation of chemisorbed oxygen surface structures.
Confining our attention to the initial region at exposures
less that 3L, it is seen that the adsorption rate is
essentially independent of temperature, the extent of
146
the reaction is directly related to exposure, and the
sticking coefficient decreases with increasing coverage.
LEED shows that the p(2 x 2) structure forms and disappears
on the (111) face and only the nickel pattern is observed
at 0.34ML where the sticking coefficient is very low.
On the (100) face, the minimum in s coincides with the
maximum in the diffracted intensity for the p(2 x 2)
structure. Since the AES signals indicate that there
are about 0.25ML of oxygen atoms or 0.125ML of oxygen
molecules on the surface when the p(2 x 2) patterns are
observed, and since it is difficult to rationalize such
diffraction patterns if it is assumed that oxygen occupies
the adsorption site as 0 molecules we conclude that
2
the oxygen is dissociatively adsorbed. This conclusion
91 92is at odds with Horgan and King's postulate ' of
non-dissociative chemisorption in this region, but we
have already observed that other data in the literature
dispute the basis (low heat of adsorption) for their
conclusion.
There are at least three types of analysis
which could reasonably be applied to the region up to
0.34ML on the (111) and 0.25ML on the (100) surfaces'.
Since the sticking coefficient decreases monotonically
147
with increasing oxygen coverage, precursor adsorption
81
and island formation, as reported for oxygen on tungsten ,
is discounted. Since periodic surface structures are
formed by the adsorbed oxygen, atomic mobility for at
least a few atom distances is required at these temperatures,
therefore a second possibility is dissociative Langmuirian
adsorption into a mobile state. For this case the
2
sticking coefficient would be (1 - 6) where 6 is the
relative coverage and is unity at 0.34ML on the (111)
and 0.25ML on the (100) surfaces. Then
(ro)
where 6. is the initial relative oxygen coverage, I is
the impingement rate of molecular oxygen, t is time, and
N is the number of surface sites filled when 9 is
unity. By comparing expression (10) with the data, it
is easily determined that it does not describe the observed
adsorption behavior. The third possible analysis ,is
Langmuirian adsorption but with the condition for non-
dissociative adsorption. In this case, the sticking
coefficient is (1 - 0), and
•
•|i-e-Hi-©t)EXP (-%t ). (ID
This expression fits the data very well as shown by the
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solid lines in Figures 20 and 30 for the (100) and (111)
surfaces. The apparently conflicting observations that
oxygen is dissociatively adsorbed but follows non-
dissociative adsorption kinetics can be reconciled by
observing that the oxygen atoms are mobile and do not
cover every possible surface site, so the probability
that two adjacent and energetically favorable adsorption
sites are empty is approximately (1 - 8).
The coverage of oxygen increases rapidly at
147°K and it is difficult to distinguish the initial
from the second adsorption region. An increased ad-
sorption rate at low temperatures is not unexpected since
the mean stay time of a loosely bound (e.g. physisorbed)
state increases as the temperature decreases. At low
temperatures, a molecule may physisorb on sites already
covered with oxygen but diffuse over the surface to and
be captured by unoccupied sites, thereby increasing the
sticking coefficient and adsorption rate.
The minimum sticking coefficient is observed
to correspond to the oxygen coverage reached during the
initial exponential region for the (111) surface. This
14 2
corresponds to about 6.3 x 10 atoms/cm of oxygen.
However, on the (100) surface, the oxygen coverage
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continues to increase beyond that described by -Langmuirian
adsorption, but the sticking coefficient continues, to
decrease as the coverage increases. Intensification of
the (hh) LEED spots during this period indicates further
adsorption into a c(2 x 2) structure, but the diffracted
intensity from this structure reached a maximum at a
coverage below 0.5ML and,the diffracted intensity had
decreased at an oxygen coverage corresponding to 0.5ML.
This plus observation of (^ 0) spots to high coverages
indicate the c(2 x 2) structure does not fully develop
and cover the surface. Due to 1'a'rg'e' data sbatter, ne-
at tempt will be made to fit a theoretical expression to
adsorption into the chemisorbed structure beyond 0.25ML
on the (100) surface.
The oxygen coverage at which the sticking
coefficient minimized on the (100) surface was a function
of temperature. At 373 to 423°K, the minimum occurred
14 2
at 6.4 x 10 atoms/cm while at 302°K, it occurred at
14 2
5.1 x 10 atoms/cm . Possible explanations for this
will be discussed later.
The region prior to a minimum sticking coefficient
is therefore a result of dissociative chemisorption of
oxygen onto clean nickel. The conclusion that the initial
150
adsorption region represents chemisorption is based on
the fact that the periodicities of the surface structures
are related to that of nickel and not of nickel oxide.
Chemisorption causes small increases in the work function
and small decreases in the nickel AES peak heights. There
were no measurable energy shifts of the 60eV nickel peak
during chemisorption.
3) Kinetics of the formation of NiO up to
saturation coverages. The second region of oxygen adsorption
on nickel (beyond the minimum sticking coefficient) is
characterized by ah increase in s followed by a decrease
to a very slow rate of adsorption, a decrease of the
work function, and a temperature sensitivity of the reaction
rate. A new phase is formed in this region as demonstrated
by the observation of NiO LEED patterns. A reaction rate
which increases (i.e. s increases) with increasing
oxygen coverage excludes the possibility of a Langmuirian
type adsorption in this region and can best be interpreted
in terms of a "clustering" of the NiO on the surface with
the reaction rate being related to the growth kinetics
of individual clusters. This is analogous to autocatalytic
processes in catalysis work and to growth of metal crystals
from the vapor.
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Considering the clustering of NiO on the surface,
in the present case the reaction rate is not first order
in either the fraction of the sample surface'covered by
islands (the rate slows near completion) or the original
surface covered with chemisorbed oxygen (it is initially
slow). We shall see that the kinetics can be described
if it is assumed that the'reaction rate is- first order
in the perimeter length of the growing oxide islands.
An initially increasing reaction rate has been
82 83
reported by other authors ' for oxygen interacting
123
with metal surfaces. Bloomer first attributed this
83effect to oxide island nucleation and growth. Orr
has analyzed the initial reaction rate for oxygen on
the surface of vapor deposited magnesium films using
the concept of an active zone for oxygen capture along
the perimeter of a growing island of MgO. Oxygen in
the active zone can contribute to island growth if
i • .. • • .' '
adsorption and transport by surface diffusion occurs,
or if direct impingement from the vapor onto the perimeter
sites occurs. To accomplish an expression for the
reaction kinetics, Orr made several assumptions; the
six most important assumptions were: (1) Physically
adsorbed molecular oxygen existed on the surface with
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a mean stay time, T , and an accomodation coefficient
into the physisorbed state of unity. (2) Surface
diffusion and dissociation of the physisorbed oxygen
occurred oh the surface; however, the probability of
dissociation was small except at a perimeter site.
(3) The oxide islands were circular disks of radius r,
height h, and a mean distance between neighboring islands
of 2d, as shown in Figure 43. (4) Smooth atomic
planes existed between the oxide islands. (5) The
islands all nucleated at the same time and nucleation
was complete in an infinitesimally short, time beyond
time zero. (6) The mean stay time and surface diffusion
coefficient of physisorbed oxygen was the same on metal
and on MgO.
Orr developed expressions for reaction rates
limited by impingement of oxygen onto the surface, limited
by oxygen transport by surface diffusion, or limited by
i ' . ' . - .
capture of oxygen at island perimeter sites. However,
the expressions Orr derived were for the sticking coefficient
of oxygen during the region of increasing reaction rate.
He did not treat the subsequent decrease in reaction rate
caused by impingement of growing islands. We will use
the same model and essentially the same assumptions in
153
Figure 43 Schematic of oxide island growth on the surface
of a metal.
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a simpler .derivation of expressions suitable for application
to the present data, and will extend the treatment to
consider island impingement. This is accomplished in
Appendix I.
Recounting briefly this derivation, the theoretical
description of nucleation and growth for the three-dimen—
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sional case, developed by Johnson and Mehl and by
1 OR '
Avrami , was used to account for island impingement
(growth stops at perimeter sites where two oxide islands
have grown together). Since we assume that the mean stay
time and surface diffusion coefficient of physisorbed
oxygen .is the same for surfaces covered by chemisorbed
oxygen and NiO, reaction rates limited by the oxygen
impingement rate would be constant throughout the reaction.
This was not observed and this case was not developed
in detail. Kinetic expressions for growth rates limited
by surface diffusion and by capture of oxygen at island
perimeter sites were developed with the results being:
-Kt N0P£t2)
where 9 is the fraction of the surface covered by NiO,
j
NQ is the number of nucleated islands per cm , P is the
oxygen pressure, t is time, and K^ is a constant. K- is
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given by:
K j « n F ( 2 n . k T 3 ) [ 2 - B t E X P [ E i / R T ] * h ]
where for rates limited by surface diffusion:
. 1
and for rates limited by oxygen capture: '•: .
&B - ~-—-1 * P" =F -F* (151£- j, / E«2 £-a J-.c VJ-->;
In these equations, A is the area per surface site for
oxygen, n is the height in layers o*f the oxide islands,
T is the temperature -of the oxygen gas, and h is the
absolute height of the oxide islands. For B., z is the
reciprocal of the number of nearest adsorption sites,
a is the jump distance on the surface, and V-, and v~ are
the vibration frequencies parallel and normal to the
surface. For E., E is the heat of physisorption, E1
 a d
is the activation energy for surface diffusion, and E
is the activation energy for island capture of oxygen.
Equation (12) is the basic equation for describing
the kinetics of NiO island growth, but before we can
aPPly it to the experimental data we must consider two
other problems in the analysis. First, how does absorption
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error in the measured oxygen AES signal affect the analysis,
and second, what happens to oxygen in the chemisorbed
structure when NiO grows across the surface? To answer
these questions, we must anticipate some conclusions from
a discussion of the physical processes occurring during
oxide island growth which result in a saturation oxygen
coverage on the (111) surface of 1.8 layers of NiO. We
shall conclude that saturation on the (111) surface occurs
when approximately one layer of nickel atoms has been
displaced to form NiO and this is why saturation occurs
at 1.8 layers. As a result of this model, the average
height of individual oxide islands is always 1.8 layers
at all times during island growth. Therefore, the error
due to absorption of oxygen Auger electrons iB a constant
factor decreasing the signal contributed from oxygen in
NiO to the total observed oxygen AES signal (NiO plus
chemisorbed oxygen). On the basis of this model, chemisorbed
oxygen is incorporated into oxide as the islands grow
laterally across the surface but a chemisorbed structure
is maintained in interislands areas as evidenced by
continued observation of LEED patterns during oxide
growth. To clarify the above arguments, consider that
a nickel surface covered with chemisorbed oxygen is
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being converted to a nickel surface covered with NiO;
let the reaction be 9 complete. That is, a fraction 6
of the surface is covered with NiO which is 1.8 layers
thick, while a fraction (1 - 9) of the surface is covered
with chemisorbed oxygen. Let the oxygen AES signal per
unit area from a surface covered only with chemisorbed
oxygen be I and from a surface covered only with NiO
C—
be 1-^ Q. Then for a reaction 8 complete, the observed
oxygen signal would be:
But substituting for 9 from equation (12) , we get
(17)
•
which is an equation like (12) but now related to the
experimentally observed Oxygen AES data. The experimentally
observed data could in turn be corrected for absorption
effects as discussed earlier to give the true coverage
of NiO on the surface.
Equation (17) is the equation expected to describe
the oxygen AES peak height during growth of NiO islands
and we proceed to compare it with the experimental data.
Values of K.N can be determined by curve fitting and
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are shown in Table 8. The curves (shown in Figure 31)
fit very well except that at 147°K the reaction does
not go to completion as rapidly as predicted. The treat-
ment we have used for island impingement is not rigorously
correct for "soft impingement", i.e. impingement of
concentration gradients. For small active zones, the
treatment is sufficient but at low temperatures where
the active zones are wider, the treatment begins to
break down.
The energy E. in the constant K^ :(equation (13))
may also be calculated from the experimental data (Figure
31). Recall that the (111) planes of nickel and Nip were
o
parallel, therefore 2.7A will be taken as the average jump
'- . . ' ' 2distance on both nickel and its oxide, A is 0.86a , and
the oxide is assumed to be 1.8 layers thick. We assume
that v-i = v0/ therefore B. can be calculated. E. can
^ 1 .L
be determined by solving the transcendental equation
,2
- (18)
, [2Bi
where NQ, the number of nuclei, is assumed to be independent
.9
of temperature. The value determined was 1.4 ± * kcal/mole
.6
for the (111) surface.
Using the determined value of E. and calculating
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TABLE 8
Values of the island growth parameter.
T(°K) K - o f t o r r 2-sec 2)
Oxygen on clean (111) Ni 147 3.9 x 1011
302 8.7 x 109
366 2.5 x 109
423 2.0 x 109
Oxygen on clean (100) Ni 147
302 3.0 x 108
373 1.2 x 108
423 8.6 x 107
9
Oxygen on IB (100) Ni 302 6.0 x 10
Oxygen on Ni (111) pre- 302 7.0 x 105
contaminated with sulfur
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B , the nuclei density, N , (equal to the island density)
i °
11 -2
on the (111) surface can be calculated to be 1 x 10 cm
and is nearly the same for both the diffusion limited
and capture limited cases.
The same considerations about the reaction
kinetics should hold for the (100) surface of nickel,
but we have already seen that the situation is more complex.
Data at 373 °K and 423 °K indicate the rate of adsorption
into the chemisorbed structure decreases rapidly until, at
14 2
a coverage of 6 x 10 atoms/cm , NiO is nucleated. Because
the rate of adsorption- into the chem-isbrbed structure is
so slow at these elevated temperatures that any increase
in oxygen coverage by this process after nucleation should
be negligible, the reaction can be described by island
nucleation and growth. However, at 302 °K the coverage
may increase considerably after nucleation due to adsorption
into the chemisorbed structure; therefore island nucleation
and growth can only be expected to describe the reaction
above a coverage of 0.3 /iV/uA. A value of the constant
KN at 302°K can still be obtained by curve fitting in
the region above 0.3 ^ iV/uA as shown in Figure 21 and
o
Table 8. Taking the average jump distance as 2.3A, A to
be a2> and the oxide to be 1.8 layers thick, E^ was
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determined to be 1.5 ± kcal/mole for the (100) face.
Data taken at 147 °K were not included in calculating E-
since it was difficult to decide when nucleation occurred
at this temperature and coverage increases in the chemisorbed
structure were uncertain. Using the determined value of
9 -2
E., the density of nuclei is calculated to be 6 x 10 cm
and is nearly the same for diffusion and capture limited
cases. Using these two values a theoretical curve for
147 °K can be calculated and, as shown in Figure 21, the
fit is good.
Since values of E. have been determined, we
would like to discuss the question of rate control by
surface diffusion versus rate control by capture of oxygen
at perimeter sites. It is very difficult to distinguish
between the two cases; the pre-exponential terms are
nearly the same leaving only E. as a basis for distinguishing
between them. .
There is no basis for estimating the activation
energy for capture, E , but we can estimate the heat of
c ' .
physisorption, E , and the activation energy for surface
Ci
diffusion, E,. Therefore, consider the case of rate
control by surface diffusion.
From equation (14) , if surface diffusion is
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rate controlling, E. = %XE - E.) . DeBoer"" estimates
that for a close packed plane of atom, E^ /Ea = 0.33.
This ratio of E to E, is reasonably consistent with
d a
experimental data for tungsten adatoms on tungsten
127
surfaces (E = 145 kcal/mole, E^ = 66 kcal/mole;
a
128E /E = 0.45), for oxygen physisorbed on porous glass -
d a
(E = 3 kcal/mole, E/= 1.8 kcal/mole; E,/E =0.6),
a d a a
and for oxygen physisorbed on tungsten covered with
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chemisorbed oxygen (E = 2.8 kcal/mole, E = 0.9 kcal/mole;
a d
E,/E = 0.32). Taking the average of the above ratios
C-* cL
of E, to E (E, = 0.42 E ) and substituting into thed a a a
expression for E., then E = 3.45 E. and since E- &s 1.5 kcal/mole,i a i j-
E =5.0 kcal/mole. Hayward and Trapnell1^0 have estimated
a
the range of E for physisorbed oxygen to have a lower
9 . ' • .
bound of 1.6 kcal/mole and an upper bound of 5.0 kcal/mole.
Thus the calculated E lies in the predicted range of E
and we conclude that surface diffusion of physisorbed
oxygen could limit the rate of formation of NiO.
Consider next the case of reaction rates limited
by capture of oxygen by perimeter sites. From equation (15),
E = E - E . We will consider three values of E withini a c a
the range predicted by Hayward and Trapnell and will calculate
E using E. =1.5 kcal/mole and calculate E, using
C 1 . • a . . • .•
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E = 0.42 E (see above). For E = 1.6 kcal/mole, •:•
d a a
E =0.1 kcal/mole and E = 0.67 kcal/mole; for Ea = 3.0
kcal/mole, E =1.5 kcal/mole and E =1.3 kcal/mole;
c d
for E = 5 kcal/mole, E =3.5 kcal/mole, and E, = 2.1
a • . c a
kcal/mole. Since the pre-exponential terms for the cases
of surface diffusion limited and oxygen capture limited
kinetics are nearly the same, if oxygen capture were rate
controlling, E should be much greater than E . Since
we assume that physisorbed oxygen is the active species,
this cannot be the case as shown by the calculated values
of E and E_q. Even for E =5 kcal/mole, the capture
c
 a
process could only be ten times slower than the diffusion
» •
process, leading at best to mixed control by both surface
diffusion and oxygen capture.
Thus we conclude that the rate of NiO formation
is either controlled by surface diffusion or controlled
by both surface diffusion and oxygen capture of physisorbed
oxygen. ,
The calculation for oxygen coverage on the (100)
surface of nickel was made by assuming that the oxide
islands completely covered the surface when the oxygen
coverage reached 0.81 yaV/uA. Beyond this coverage, a
very slow increase in the AES signal was observed until
164
the oxygen signal saturated at 0.87 p.V/pA. This phenomenon
was not observed for the (111) surface and no attempt
to describe the kinetics will be made due to large scatter.
However, it seems reasonable that this slow adsorption
corresponds to an ultra-thin film oxidation process with
the oxide film being sufficiently thin for limited transport
to occur without strong electric fields being necessary.
131Fehlner and Mott have postulated that in general, a
metal will rapidly take up a limited amount of oxygen at
low temperatures and will reach a saturation value dependent
upon the relative magnitudes of the metal and oxide bond
strengths andean ill-defined assisting force, suggested
to be the image potential of a surface ion. It is suggested
that such a mechanism caused the increase from 0.81 ;aV/juA
to 0.87 juV/juA on the (100) surface. This will be further
discussed below. .
4) Oxygen adsorption beyond the saturation
coverage. An increase of oxygen beyond the saturation
•7
coverage for long exposures at 147°K and 6 x 10 torr
was associated with an oxygen species adsorbed with an .
energy of from 12 to 25 kcal/mole. Since the work function
was increased by this species, it apparently is ionic
91 92
or highly polarized. Horgan and King ' report
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desorption spectra from surfaces saturated at 77°K and
wanned slowly towards room temperature. They report
that one of the desorption peaks had an adsorption energy
of about 13 kcal/mole; the reported desorption spectrum
indicates desorption over a rather broad temperature
range possibly indicating a distribution of adsorption
energies. In addition they report coverages in these
states were below 0.05ML which is in excellent agreement
with the present data.
The oxygen coverage also increased at 302°K
for an oxygen pressure of 10~ torr; 6 decreased when
— 4 ' ' ' . • ' • - •
oxygen at 10 torr was present. The population of an
adsorption state, at low equilibrium coverage, is equal
• • _4
to IT, and 10 torr is the pressure required to achieve
a population of about 0.01ML in a state with an adsorption
energy of 12.8 kcal/mole. Thus increases in oxygen
coverages beyond saturation appear to depend upon a
significant population in the adsorption states with
energies between 12 and 25 kcal/mole.
To understand the significance of this state,
131
consider the theories of low temperature oxidation
Since the activation, energy for normal thermally activated
diffusion is so high that transport will not occur at
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low temperatures, the existence of an adsorbed ionic
oxygen species is postulated; this species produces
electric fields across the oxide thereby enhancing ionic
transport and allowing thickening of the oxide film.
\
It is believed that the adsorbed species observed in
this study is the species which assists ionic transport.
This is direct experimental evidence supporting a basic
concept of all the present theories of low temperature
oxidation. Similar adsorbed species with low adsorption
energies may also be pertinent to oxide film growth on
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other metals as Deshpande and Crowell have reported
that molybdenum oxides thicken only if the oxygen pressure
• -4is above 10 torr.
8591 92 °->Horgan and King ' and Klopfer have reported
uptake of several monolayers of oxygen with the sticking
coefficient below 10 . Since they were working with
oxygen pressures on the order of 10 "torr, this uptake
most probably occurred by the low temperature oxidation
process. However, there is evidence that some of this
data may have been influenced by phenomena peculiar to
evaporated films; this will be discussed later.
The identification of this weakly adsorbed species
and its influence on the work function is also pertinent
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to the work function studies of oxygen on nickel. Farnsworth
and coworkers ' ' along with others working at low
oxygen partial pressures observed that the work function
increased for chemisorbed oxygen, then decreased and remained
at a value below that of clean nickel as NiO formed. Roberts
78 88 89
and co-workers ' and Delchar and Tompkins , working
at higher oxygen pressures, had difficulty seeing the work
function decrease below the value for clean nickel.
Apparently the weakly adsorbed species maintained a high
work function in the latter investigations.
This species may explain another phenomenon
89observed by Delchar and Tompkins . Upon dose-wise.'adding
oxygen over an evaporated nickel film, they observed a
rise followed by a decay in the work function. Although .
they did not report the progress of the system oxygen
pressure, it is expected that the incorporation of the-
oxygen by the low temperature oxidation process caused
pressure decays and allowed a decrease in population of
the adsorbed state thereby decreasing the work function.
Indeed, Delchar and Tompkins postulated that the effect
was caused by incorporation of oxygen, but failed to
recognize that the low temperature oxidation process
was active.
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A third phenomenon which this species obviously
explains is the decrease in work function observed when
a sample saturated with oxygen at 77°K was warmed towards
room temperature
Observation of this adsorbed polar or ionic
species escaped attention in the present investigation
for a long time because the experimental system (like
most research systems) is not equipped for studies at
high oxygen pressures. The present results emphasize
the necessity of such a capability if modern surface
science research is to be connected with engineering
systems.
5) Summary and discussion of the kinetics of
the oxygen/nickel reaction. To summarize, the data
indicate that oxygen initially chemisorbed on nickel, in
a dissociative Langmuirian manner, up to 0.34ML on the
(111) and up to 0.25ML on the (100) surfaces. At coverages
greater than 6 x 1014atoms/cm2 (0.34ML) on the (111)
surface, islands of NiO nucleated and grew until they
covered the surface at a coverage of 0.9 pV/iuA (1.8 layers
of NiO), then the reaction stopped. On the (100) surface,
adsorption into the chemisorbed oxygen structure continued
14 2beyond 0.25ML until a coverage of about 5 x 10 atoms/cm
169
at 302°K or 6 x 1014atoms/cm2 at 373-423°K was reached.
At that time, oxide islands nucleated on the (100) surface
/
and grew until a coverage of 0.81 pV/joA (1.8 layers of
NiO) was reached; the reaction rate then slowed con-
siderably but was still appreciable until saturation was
obtained at a coverage of 0.87 -juV//iA (2 layers of NiO).
Three questions about these processes are obvious:
(1) What is the nature of the NiO nucleation sites?
(2) Why does NiO nucleate at coverages of about 5 to
14 26 x 10 atoms/cm ? (3) Why does island growth cover the
surface at 1.8 layers of NiO and what causes a saturation
coverage of NiO? There is very little experimental
evidence to conclusively answer any of these questions,
but some speculation may be desirable.
The density of the nucleation sites observed
q -2 11-2in this study was 6 x 10 cm on the (100) and 1 x 10 cm
on the (111) surfaces. These densities are consistent
83
with that measured by Orr and by others on both evaporated
films and single crystal surfaces. The number of nuclei
was not observed to be a function of pressure in this
study and this plus the assumption that N was not a .
function of temperature is consistent with Orr1s work.
The density of the nucleation sites is too
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high to correlate with the number of dislocations
expected, but it may be consistent with the density
of surface steps and/or jogs. This association of
nucleation sites and surface defects is consistnet with
the observation that IB at room temperature increased
the rate of NiO formation but did not increase the rate
of chemisorption of oxygen (Figures 20 and 21). Since
the rate of chemisorption is controlled by the molecular
impingement rate and site blockage by previously adsorbed
oxygen, surface defects would not be expected to significantly
influence the kinetics. However, if an increase in the
surface defect density increased the number of nucleation
sites, the rate of oxide formation would be increased.
The data shown in Figure 21 for oxygen adsorption on a
(100) surface after IB was fitted to equation (17) and
9K.N was determined to be 6 x 10 (Table 8). The nuclei
10 ~2density was found to be 9 x 10 cm , i.e. 15 times
higher than that observed for annealed (100) surfaces.
Thus the postulate that nucleation sites are connected
with surface defects is supported.
A plausible physical reason for associating
nucleation sites and surface defects is that the calculated
partial pressure of oxygen in equilibrium with nickel is
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about 10 70torr at 300°K, indicating that the critical
cluster size for nucleation of nickel oxide is very small.
On this basis, it is expected that any site which is
energetically favorable for formation of NiO would
quickly produce clusters greater than the critical size
and a rapidly decreasing nucleation rate would be observed.
The second question to be discussed is why
14 2NxO nucleates at a coverage of between 5 to 6 x 10 atoms/cm .
One plausible reason for requiring a surface concentration
of. oxygen before nucleating NiO is thermodynamic considerations.
Since chemisorption precedes oxide formation, it is generally
assumed that the free energy of chemisorption is more
negative than that of oxide formation. This is supported
by data for sulfur adsorbed on several metals including
nickel . Additionally, many studies indicate that the
v 4. ' .e '-U • j ^ • 127,133heat of chemisorption decreases as the coverage increases
therefore a cross-over of the free energies of chemisorption
and oxide formation might be expected. This argument is
exactly analogous to arguments concerning phase transitions
for three dimensional phases, and phase diagrams relating
the surface concentration and the temperature to surface
phases might be expected. The existence of such phase
diagrams has been amply demonstrated for chernisorbed gas
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structures ' as well as for chemisorbed and reconstructed
i^ 4. T 134,135sulfur structures on metals . -
The fact that reducing the surface concentration
of oxygen by IB caused the observation in the reverse
order of diffraction patterns from NiO, c(2 x 2), and
p(2 x 2) structures is strong evidence that the transition
between chemisorbed oxygen and NiO is governed by thermo-
dynamic rather than kinetic considerations. If NiO was
thermodynamically stable compared to the chemisorbed
oxygen structures, only a NiO and a nickel pattern would
be expected with decreasing oxygen coverage. Since the
p(2 x 2) and c(2 x 2) structures were observed, oxygen
had to leave the NiO structure .to form the more energetically
favorable chemisorbed structure.
Since the free energy of chemisorption relative
to that of oxide formation would be expected to be a
function of temperature, the variation with temperature
of the coverage for nucleation on (100) nickel is reasonable.
Dissolution of oxygen may complicate the argument
concerning when nucleation occurs. Lawless and Mitchell
have investigated the interaction of oxygen with copper
single crystals at elevated temperatures using LEED and
HEED techniques. They have concluded that oxide was
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nucleated on the surface .with a chemisorbed structure
between these nuclei and have suggested that an induction
period prior to nucleation was associated with increasing
the concentration of oxygen in solution in the near-
137
surface region of the copper. However, Hansen reports
that only about 0.1 atomic percent of oxygen is soluble
in nickel below 873°K. Since atomic transport should not
be extensive in the present study and since no information
on the width and oxygen concentration profile of the
oxide/metal interface is available, the importance of
dissolution to the present study is discounted.
Thus, it appears that the transition from
growth of chemisorbed oxygen structures to growth of NiO
is best explained by thermodynamic arguments.
The third question to be discussed is why
island growth covers the surface at 1.8 layers of NiO
and what causes a saturation coverage of NiO. We have
already argued that oxygen on the surface is incorporated
into NiO. Therefore some process of formation of and/or
property of NiO must be responsible for the observations
that island growth covers the surface at 1.8 layers of
.NiO and that,.a, saturation coverage is reached at 1.8 to
2 layers of NiO. The atomic density of nickel in NiO
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o
(NaCl type lattice, aQ = 4.195A) is less than the density
o
in nickel (fee lattice, aQ = 3.524A) and this suggests "
a plausible explanation for 1.8 layers of NiO covering
the nickel when island growth stops'. Upon oxidation,
the surface layer of nickel is disrupted by the advancing
island perimeter. To accomodate the nickel density change,
the growing perimeter may either create steps on the
surface or displace some nickel atoms to adatoms sites.
It is envisioned that nickel adatoms would then move:;
across the surface to either a surface step in the area
covered by chemisorbed oxygen or to a second layer of
NiO growing on top of the original NiO layer., Since it
is energetically unfavorable to create surface steps,
it seems likely that the second process of moving
nickel atoms to adatom sites would be favored. On the
basis of this model, one might expect that one monolayer
of nickel atoms would be displaced to form 1.4 layers of
NiO before islands covered the surface. In reality,
> ' . '
1.25 monolayers of nickel were displaced to form 1.8
layers of NiO before islands covered the surface. This
difference is not considered significant since defect
sites on the surface and in the path of growing oxi'de
islands might allow disruption of more than one monolayer
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of nickel atoms. .
The above model provides a plausible explanation
for 1.8 layers of NiO when islands cover the surface;
this is the saturation oxygen coverage on the (111)
surface. Saturation at this coverage is reasonable since
further reaction would call for movement of nickel and/or
oxygen through at least one layer of NiO and in the
absence of electric field, this cannot occur on the (111)
surface. However, on the (100) surface, further
reaction beyond 1.8 layers does occur until a saturation
oxygen coverage amounting to 2 layers of NiO is reached.
How and why this occurs on the (100) but not the (111)
surface will be discussed.
Since the reaction past island growth on (100)
nickel occurred even when the work function was low, the
mass transport process does not appear to be ionic
transport assisted by electric fields created by adsorbed
oxygen (as is the case for further reaction beyond
131
saturation coverages),. Fehlner and Mott have suggested
that in the absence of field creating species, a reaction
might occur by atomic motion of individual nickel and
oxygen-atoms on .the surface when the activation energy
for movement is sufficiently reduced by the image force
176
acting on an ion close to the surface of a solid. We
adopt, this model as the best explanation for the continued
growth of NiO on (100) nickel after the surface is covered
by oxide islands. When the NiO reaches a thickness of
2 layers on the (100) surface, the image force is no
longer sufficient to assist atomic movement and no
further reaction occurs in the absence of a field-
creating oxygen species.
Apparently one layer of NiO on the (111)
surface is sufficient'to eliminate atomic movement due
to images forces and therefore the saturation coverage
corresponds to the coverage caused by island growth.
Three reasons for the difference between (111) and (100)
surfaces will be discussed. First, the NiO layers are
o
spaced more widely on the (111) surface (2.42A) than
o
on the (100) surface (2.1A) and the image force would
be smaller for the (111) surface. Second, a nickel atom
in one layer of oriented NiO on a (111) surface has
j
o
three oxygen nearest neighbors at a distance of 2.1A,
o
six nickel nearest neighbors at a distance of 2.97A,
and approximately six nickel nearest neighbors in the
nickel lattice. -A nickel atom in one layer of oriented
NiO on a (100) surface has four oxygen nearest neighbors
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o o
at 2.1A, four nickel nearest neighbors at 2.97A, and
approximately four nickel nearest neighbors in the nickel
lattice. Thus more bonds must be broken for further
reaction on a (111) surface than on a (100) surface.
Third, since (111) oriented NiO has alternating layers
of nickel and oxygen ions, the transported species must
move through a layer of the other species for further
reaction on a (111) face. This is not true for (100)
oriented NiO. All three of these arguments suggest
that after a surface is covered by oxide islands,
further reaction to form NiO is easier on (100) surfaces
than (111) surfaces in agreement with experimental
results.
6) Effect of carbon contamination. To discuss
the effects which carbon had on the reaction of oxygen
with nickel, it is convenient to consider the effects on
formation of chemisorbed oxygen structures and on formation
of NiO separately. Consider first the effects on the
formation of chemisorbed oxygen structures.
In the results section, we reported that flash
data for an oxygen coverage of 0.2 pV/^ tA indicated that
the carbon which accumulated on the surface during reaction
of oxygen with nickel was in the form of CO. In addition,
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LEED and AES data from the surface with 0.55ML of carbon
(as opposed to CO) indicate that such carbon reacts
quickly with oxygen to form CO. Thus it appears that
carbon present during formation of chemisorbed structures
was in the form of CO. It seems reasonable that CO
molecules on the surface could act in the same manner as
O atoms by blocking sites for further oxygen chemisorption
and entering into normally observed oxygen surface
structures. In this case, there should be little influence
on the reaction kinetics in the chemisorbed oxygen region.
Consider next the effects on formation of NiO.
The data for oxygen reacting with a (100) surface with
0.55ML of carbon indicate that the oxygen coverage versus
exposure was the same as for a clean surface during
formation of NiO. In addition, the maximum carbon
coverage on a clean (100) surface (Figure 23) coincided
with nucleation of NiO and during island growth the
carbon coverage decreased reaching a low value when NiO
i . -.
completely covered the surface. Thus it appears that
CO does not strongly adsorb on NiO and further, that
NiO displaces CO adsorbed on a relatively clean surface.
Thus, the effects of carbon contamination on
the present study of oxygen reacting with nickel are not
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considered to be significant.
7) Comparison with previous studies. The
reaction sequence between oxygen and nickel in the
present study may be compared with previous studies of
91, 92
the interaction. While Horgan and King ' observed
similar behavior of sticking coefficient versus coverage
and postulated that the increase was due to penetration
of the oxygen into the nickel lattice, the present study
indicates it is a result of NiO formation. They also
report that a film left standing in vacuum for 50 minutes
with an oxygen coverage greater than that necessary for
a minimum sticking coefficient would exhibit an increased
sticking coefficient during subsequent oxygen exposure.
o c
Klopfer has not observed this phenomena nor has present
data indicated its occurrences. It is suggested that the
effect is an artifact which results from defect enhanced
transport in evaporated films. This suggestion is
supported by the fact that Farnsworth and Maddin report
/
variations of LEED intensities with time in residual
vacuum when using evaporated films; other investigators,
using single crystals, report the LEED intensities to
be a function only of exposure. . .
LEED data for the present study are generally
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consistent with previous data. The calibration established
for AES signals support previous author's suggestions
that the p(2 x 2) structure is associated with 0.25ML of
oxygen, but the previous association of the c(2 x 2)
structure with 0.5ML has .been shown to be incorrect.
The observation of (0%) LEED spots, even when the c(2 x 2)
structure was at maximum intensity has also been reported
48 'by Farnsworth and Tuul for a well annealed crystal.
The diffraction patterns observed from nickel
oxide were very diffuse. On the basis of the calculated
oxide island density, the average island diameter is
. o
from 300 to 1300 A. Since the coherence limit for
diffraction of low-energy electrons is on the order of
9 3 °10 to 10 A,,coherence broadening is expected to produce
a diffuse pattern; this provides direct evidence for
the existence of oxide islands on the surface. The
existence of sharper LEED patterns for exposures at
higher temperatures, as previously reported /SofO^
/ •
was observed in the present study. On the basis that
warming the substrate from 147°K to 302°K considerably
improved the NiO LEED pattern, this effect is attributed
to a temperature effect on the degree of order of the
surface phases.
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A major inconsistency in LEED data between the
present and previous studies is the observation of
additional diffraction spots located at a radius equivalent
to the original nickel spots and generally associated
with the formation of NiO. Three possible explanations
for these extra spots will be discussed. (1) The spots
may indicate a reorganization of the nickel underlying
the NiO to three equivalent domains of (100) nickel with
one domain oriented as the original and the other two
rotated, one 30° and the other 60°, with respect to the
original lattice. (2) Another possibility is reorieritation
of the (100) lattice to a (111) lattice with two equivalent
positions 30° apart. No rational explanation for either
of these two possibilities can be advanced, especially
since only one orientation of NiO was observed with an
epitaxial relationship to the original nickel orientation.
(3) The spots may also result from a surface structure
caused by oxygen adsorbed on top of the oxide. Simmons,
138
et.al.. , have reported a diffraction pattern with a
close-packed symmetry on the (111) and possibly the (100)
surfaces of copper, which they attribute to chemisorbed
.oxygen ions. The oxygen separation they observed was
o
3.14A. To explain the extra spots observed in the present
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o
study on the same basis, a spacing of 2.5A, which was
fortuitously equal to the nickel spacings, would have
to be assumed. This does not seem likely, and, in
addition, the spots disappear if the oxygen coverage
'increases further. This suggests that the scattering
centers lie under the NiO, but a reasonable explanation
for their occurence cannot be advanced.
131Fehlner and Mott , among others, have discussed
the low temperature oxidation of metals which they define
to be oxidation at temperatures near room temperature.
They postulate that oxygen interacts with a clean metal
surface in two rapid steps followed by a slow reaction.
The first step is chemisorption of oxygen and the second
step is formation of an amorphous oxide by a place exchange
mechanism. Beyond this rapid region, a slow thickening
of the oxide results from field-assisted ionic transport.
The present study deals with the initial interaction of
oxygen with nickel and confirms that ehemisorbed oxygen
*' " .
precedes oxide formation. However, based on data for
82 83
oxygen on magnesium ' , this may not be true for every
metal. A crystalline oxide replaced ehemisorbed oxygen
in this study. The rate of oxide formation was usually
limited by the number of sites at which oxygen could
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dissociate, but a place exchange mechanism, as proposed
by Fehlner and Mott, was observed to operate on the (100)
surface for a short time. It is interesting to note
that oxide formed on a surface contaminated with sulfur
was amorphous, and since most oxidation studies start
with a "dirty" surface, Fehlner and Mott's postulate
that the thin oxide film is amorphous may have some
validity.
Chemisorption and oxide formation up to a
saturation coverage was rapid in the present study and
was followed by a slow oxidation process if an ionic oxygen
species was present. This confirms Fehlner and Mott's
psotulate of such a;sequence. The observation of an
ionic species which allowed the thickening of NiO
beyond saturation has special significance to future
studies of the low temperature oxidation process. We
did not attempt to test the various theories of ultra-
thin film formation.
>•,
The interaction of oxygen with surfaces has
been studied for many metals at higher temperatures and
relatively low oxygen pressures (on the order of 10~
139
to 1 torr) . Under these conditions, an induction
period during which nothing is observed microscopically
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is followed by the nucleation and growth of oxide islands
to a size visible with an optical or electron microscope.
Subsequent growth of these islands is lateral until the
surface is covered. While these studies generally start
with a surface covered with a room temperature oxide film,
the temperatures used are high enough to cause dissolution
of the oxygen. If the impingement rate of oxygen is
sufficiently low and dissolution does occur, an induction
period would be expected before nucleation of the oxide
occurred. This sequence is similar to the present study
but two other facts concerning previous work must be
considered. First a "dirty" surface would be expected
to contribute to the induction period, and second the
nuclei and; oxide formed in the present case would not
be visible with an optical microscope. Thus we cannot
immediately conclude that the two phenomena are equivalent.
8) Auger electron peak changes. The proposed
model of the reaction is supported by the AES peak changes
in the 0-80eV region. Chemisorption reduced the intensity
of the nickel peaks but their shape and energy were
unchanged. With oxide formation, the intensity of the
nickel peaks decreased further, a new peak appeared at
12eV, and the 60eV peak changed shape and shifted to a
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lower energy. The origin of the 12eV peak associated
with NiO is assigned to a L-LVNl°V 1 transition (Table 4)
where the O superscript denotes an oxygen level and the
NiO superscript denotes the oxide valence level. Using
the band structure - and oxygen L, energy reported for
140NiO by Wertheim and Huffner and using the correction
for Auger emission from an ionized atom as discussed by
Chang , this transition causes ejection of a 12eV electron,
assuming the valence band energy corresponds to that of
the maximum density of states. This maximum density
lies near the original nickel valence level and a
secondary maxima due to the previous oxygen L~ 3 level
lies at a tighter binding energy. There should be
another smaller peak which corresponds to the secondary
maximum with a calculated energy of 6eV. Some evidence
of this peak was observed, but the true secondary peak
prevented positive identification.
The shape change and shift of the .60eV peak was
essentially a discrete process in that new derivative
maxima developed at a lower energy, while the former
derivative maxima decreased. Since the shift was not
continuous, the concept of a patchy surface consisting
of NiO islands on a surface covered by a chemisorbed
186
structure is supported. The peak energy shift can also
be explained by the band structures differences for NiO -
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and nickel. According to Baer, et.al. , the maximum
density of states for clean nickel occurs at about leV
below the Fermi energy, .therefore the M W transition
£. i -J
for clean nickel has a calcu-lated energy of 60eV. When
NiO forms, the valence band broadens and the maximum
density of states shifts to a tighter binding energy,
therefore the M0 7V . v has a calculated energy of£. i J
58eV which gives a peak shift close to the 3eV experimentally
observed. No shift was observed during the formation of\
chemisorbed oxygen structures.
These data on electronic structure changes are
in excellent agreement with photoelectron data for oxygen
142
on nickel recently reported by Eastman and Cashion
They report that chemisorbed oxygen on. nickel is associated
with an increased work function and that enhanced electron
emission occurs at about 5.5eV from the Fermi level. .
-N
Chemisorbed oxygen did not change the position of the
nickel valence level. With continued exposure, the work
function decreased and electron emission probabilities
changed significantly in the energy range 2.5 to 11 eV
from the Fermi level. The present data complement
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Eastman and Cashion's study in proving that these long
exposure changes result from NiO formation.
,9) Work function changes. The qualitative
and quantitative changes of work function with increasing
oxygen coverage measured in the present study agree well
with previous work55'56'78'88'89. The data for work
function changes versus changes .in the secondary emission
coefficient (Figure 25) indicate that a correlation
between the two exists. Data for the true secondary
peak height versus oxygen coverage indicates that variations
of the peak height may also be used to indicate changes
of the work function when interference between peaks can
be avoided.
When the nickel surface is converted to NiO
the relation between 5 and changes of the work function
is different (as demonstrated by 147°K data in Figure 25).
We have previously pointed out that changes in the inelastic
scattering path lengths of the primary and secondary electrons,
changes in the Fermi energy, and changes in the work
function are the factors which most strongly affect
emission of true .secondary electrons. We have also
.pointed out that for low energy electrons, the me.an-free-
path is relatively insensitive to the material, therefore
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the first two parameters should be approximately constant
in the present case. Thus we attribute the difference _
in the relation between 6 and changes of the work function
for a nickel surface covered with chemisorbed oxygen and
for a surface covered with NiO to changes in the Fermi
energy.
Thus, the present secondary electron techniques
may be used to indicate qualitative changes of 'the work
function but care must be taken to verify that changes
in other factors, such as the Fermi energy, do not lead
to erroneous conclusions.
10) Clean nickel surfaces. In assigning
Auger transitions to the peaks observed^ in the electron
spectrum for nickel (shown in Table 4), we have followed
43 143 143
Coad and Riviere . Coad has recently challenged
some of these assignments, but the original assignments
will be maintained, since his postulate of split peaks
due to electron spin orientations has not been proven.
While the transitions causing the Auger electron peaks
are not certain, these peaks are generally reported by
most investigators. However, the peaks at 8eV and 12eV
•;
for the (100) and (111) surfaces,.respectively, have
been reported by only a few authors. Palmberg and Rhodin
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report, without comment, a 6.5eV peak for nickel, a 7eV
peak for Cu, and a 12eV peak for Au. Scheibner and
17
Tharp report a 13eV peak for Cu and assign its origin
op
to an interband transition. Seah has investigated
these low energy peaks and concludes that they are due
to a surface-related excited state. It seems likely
that the low energy peaks observed in this study have
the same origin.
The other aspect of clean nickel surfaces to
be discussed is the reversible segregation of carbon to
the (100) surface. This was not observed for the (111)
face and previous observations of reversible segregation
42 44 43
were on a (100) crystal ' and polycrystalline nickel
This suggests that the reversible segregation may occur
only on the (100) surface, but there are no a priori
reasons to support this conclusion. It seems more likely
that the observation is fortuitous and that the concentration
of carbon in solution in any given sample would control
whether surface carbon, which accumulated due to bulk
segregation or adsorption of CO and CO , would go into
solution upon heating and then reappear on the surface
during cooling.
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Ellis has studied the temperature dependent
190
reversible segregation of sulfur, carbon, oxygen, and
chlorine on thorium. For thorium, the surface segregation
of these elements was determined by
X
rp = E X P ( A G / R T ) us)
AS
where X and XB were the concentrations on the surface
and in the bulk and ^G was the free energy difference
between a surface and a bulk site for the elements.
Equation (19) did not describe the segregation versus
temperature in the present case (Figure 15) presumably
because the carbon segregation was kinetics limited; no
serious attempt was made to approach equilibrium.
B. Oxygen/Sulfur Surface Reactions
Before discussing the oxygen/sulfur reaction
in detail, we will indicate how the reaction kinetics
will be analyzed. The data from surfaces pre-contaminated
with sulfur demonstrate that oxygen reacted with adsorbed
sulfur and removed it from the surface as SO . We shall
see that NiO is formed in areas where sulfur has been
removed. We shall also see that the kinetics of removal
of sulfur in the (8^ 3 'x 2) surface structure may be
described by the island growth model which also describes
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NiO formation on nickel surfaces covered by chemisorbed
oxygen.
The mass spectrometric studies indicated that
the only gas-phase reaction product was SO . The AES
studies indicated that as sulfur was removed from the
surface, oxygen accumulated, and, moreover, that at all
times in all experiments the sum fl + Qc =1. We are
0
thus dealing with the two consecutive reactions:
g°* + as —^ g'SOj, + no- (2o>
502 + "2<r—> 2aO (21)
where g represents a component in the gas phase, a an
adsorbed species and a an adsorption site for oxygen.
Since 9 + 6g was always unity, reaction (20) is slow
compared to reaction (21). This observation is in
agreement with the data for oxygen adsorption on the
clean surface, for which the observed rate was always
much greater than the rate observed for reaction (20).
Since changes in the relative coverages of
oxygen and sulfur are a function of exposure rather than
time, the rate dependence of the reaction is first order
with respect to the exposure parameter (Figures 39 and 40) .
However, the rate is not first order with respect to _>S,a
i.e. with 0g. First order dependence would yield an
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exponential decrease in 9C with exposure. The data foro
the (5,/3 x 2) structure do show a monotonically decreasing
reaction rate, but the rate of decrease is much slower
than exponential and a great deal of scatter is observed
from run to run. Because of this scatter we will not
attempt analysis of this case.
The results for the (8^ /3 x 2) structure are
much more regular, and warrant further attention. We
have already seen that the reaction rate is first order
with respect to the exposure parameter even though there
is an oxygen signal from the surface w,hen the reaction
is only partially completed (Figure 38)„ We shall see
that this oxygen is in the form of NiO and since isolated
"molecules" of NiO cannot exist on the surface, an island
morphology of oxygen and sulfur is suggested. In addition,
the increase in reaction rate with increasing coverage
is exactly analogous to the reaction of oxygen with nickel
covered by chemisorbed oxygen. We can therefore use
the same concept of oxide nucleation and growth, to
describe the sulfur/oxygen reaction (see Appendix I).
The oxide nucleates at selected sites on the sulfur-rich
surface arid grows as islands to cover the surface with
the sulfur being converted to SO and displaced as the
£*
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oxide spreads. This process may be classifled-as a
Langmuir-Hinshelwood type surface reaction, since both
species are adsorbed and must be adjacent for the reaction
to proceed.
Considering the process which is rate controlling
for the reaction, since the reaction rate increases with
time, the reaction is not limited by the impingement rate
of oxygen. The other two possibilities are surface
diffusion limited or capture limited kinetics. The data
are described very well by equation (13), as shown by
the solid lines in Figure 40, where the constant K.N
' 5 -2 -2is selected as 7 x 10 torr sec (Table 8). If the
average value of E. for oxygen on clean nickel (1.45 kcal/mole)
is assumed to apply to the present reaction, and because
B. is about the same for either the diffusion or capture
limited case, the island density is calculated to be
i —2
about 2 x 10 cm .
Since the oxygen concentration on the (111)
surface after the sulfur is displaced is the same as
the saturation coverage on clean (111) surfaces, the
oxygen signal is expected to be affected by absorption
effects as previously discussed. However, in using
equation (13) to analyze the oxygen/sulfur data, we only;
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assume that the fractional surface coverages (as opposed
to the absolute surface coverages) of oxygen and sulfur -
are directly proportional to the AES signals, and ab-
sorption of Auger electron should not invalidate this
assumption.
The island density for oxygen on sulfur-rich
surfaces is much lower than for oxide on the clean
nickel surface, but it is still a realistic value.
It is not certain why the two should be so different.
We have associated nucleation sites with surface defect
sites, therefore the density of surface defects which
are energetically favorable for nucleation of NiO must
be significantly reduced by the presence of sulfur.
The above assumption that E- is the same .for
oxygen reacting with a surface covered with either sulfur
or chemisorbed oxygen should be correct if the reaction
is limited by the surface diffusion of physisorbed oxygen.
If oxygen capture was important, it is still a reasonable
assumption since the capture step is presumed to be the
dissociation of oxygen and the incorporation into nickel
oxide.
For the oxygen/sulfur reaction, the adsorbed
oxygen did not produce a NiO pattern for reasons which
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are unknown. That NiO was formed is established by
the 60eV AES peak which at saturation was broadened and ~
shifted to a lower energy, just as for the initially\
clean surface where NiO formation was established.
Since no oxide pattern was observed, direct
support for island formation is not available, but
indirect support is provided by the sulfur LEED patterns.
These patterns were observed until the reaction was 75%
complete; the LEED spots were very sharp until they were
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no longer visible. As discussed by Estrup and Anderson ,
while this behavior does not prove the existence of
islands, it is consistent with their formation.
The observation that electron beams and hot
filaments in combination with gas phase oxygen increased
the rate of this surface reaction is easily understood.
in terms of our analysis. We have assumed that oxygen
is only dissociated at the island perimeter sites, i.e.
that dissociation is activated on the NiO and sulfur
rich regions and therefore the reaction only proceeds
at the perimeter. Electron beams and hot filaments
would produce gas phase atomic oxygen which would eliminate
the requirement for a perimeter site and general attack
of the surface could proceed. The same reasoning would
196
apply to the reaction of oxygen with clean nickel surfaces,
but the reaction was so fast in this case that the effect
was negligible.
2) (5A/3 x 2) structure. In contrast to the
(8^ /3 x 2) structure, data for the (5*/3 x 2) structure
cannot be analyzed. Presumably this is a result of
non-reproducibility of the starting surface. An imperfect
surface is suggested by variations across the surface
in perfection of the LEED patterns. The observation
that sulfur desorbs from the surface at high temperatures
may be significant to the ability to produce a consistently
high, uniform sulfur concentration on nickel simply by
heating for long times in vacuum.
3) Comparison with Bonzel's study. Finally,
we wish to compare our results to those for the surface
reaction between oxygen and sulfur on the (110) face of
copper. Bonzel adsorbed sulfur from the gas phase
and observed the subsequent reaction with oxygen at
temperatures in the range of 883°K to 1103°K. Not
surprisingly, his results appear different, but similarities
also exist.
One similarity is that both studies conclude
that free sites are required in order to dissociate O.
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and thus form SO . A major difference is that in the
£*
present study, immobile NiO existed on the surface
previously occupied by sulfur, while this did not occur
in the study by Bonzel because of the different temperature
region used in his study. The number of free sites was
limited in the present study by the presence of NiO and
the number was small compared to the copper study. Thus,
rate control in the copper study was associated with a
step subsequent to O^ dissociation (see Bonzel), while
diffusion to or capture by sites where dissociation of
O2 occurred was rate controlling in the present study.
C. Future Effort
Auger electron spectroscopy is a very powerful
technique as has been demonstrated by this and other
studies; its principal disadvantage is the problem of
establishing a calibration, especially when the material
is distributed over a distance normal to the surface.
It would be very advantageous to know more about the
inelastic scattering of electrons in solids and to develop
a more quantitative knowledge of the AES signal contributed
from material a finite distance away from the surface.
One interesting technique which may be used in the latter
198
case is atomic layer sectioning accomplished with ion
bombardment.
With regard to the model developed to describe
the reaction, it would be of interest to check the
general applicability. Magnesium might be an interesting
material to study with LEED and AES since it apparently
does not exhibit a chemisorbed oxygen structure. Study
of-the rel-ation to ultra-thin film oxidation would seem
profitable.
We have applied the island growth model to.,
describe the surface reaction between oxygen and sulfur,
and some of the implications of this to catalytic reactions
might be studied. It would also be interesting to see
whether such a model could be used to describe the reaction
between oxygen and carbon on a nickel surface. The
reversible segregation with temperature of carbon in
nickel suggests a good way to repeatedly dose the surface
with a known quantity of carbon. Further characterization
of carbon and CO on nickel could be carried out during
this study since the literature is rather confusing in
this area.
Finally, the effects of heating the substrate
during the oxygen interaction and heating with oxygen
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on the surface would be interesting phenomena to study.
Besides observing the kinetics at temperatures higher
than the present study, the dissolution and diffusion
of oxygen could be studied. The effects of dissolution
on oxide nucleation and the solubility limits for oxygen
in the near surface region would be of interest. Of
course, this would cause a depth distribution of oxygen
which creates problems with AES as discussed previously.
PART VII
SUMMARY . - • • ' . -
The reaction of clean and sulfur pre-contaminated
nickel surfaces with oxygen has been studied by LEED,. AES,
and EID. A secondary electron technique has been compared
to the retarding potential method for measuring changes
in the work function. The secondary electron technique
was shown to characterize work function changes. A clean
nickel surface was produced by ion bombardment sometimes
used in conjunction with an oxygen surface chemical
reaction. The secondary electron spectra from a clean
nickel surface was reported, including some peaks from
a low energy surface-related excited state. A calibration
between the oxygen AES .peak and the oxygen coverage was
established by assuming the initial sticking coefficient
was unity. A correction for inelastic scattering of oxygen
Auger electrons was obtained from experimental data.
A. Oxygen on Clean Nickel .
The reaction of oxygen with clean nickel surfaces
has been found to proceed by the initial formation of
chemisorbed oxygen structures followed by nucleation and
growth of oxide islands. For the (111) surface, the
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rate of chemisorption monotonically decreased until a
coverage of 0.34ML was reached. The p(2 x 2) surface
structure . occurred at 0.25ML coverage, and the work
function increased due to ahemisorption. At 0.34ML,
NiO was nucleated and the sticking coefficient, calculated
from the rate of change of oxygen coverage, increased
to a plateau with increasing oxygen coverage, then - .
decreased to a low value at a saturation coverage of
1.8 layers of NiO. The work function, decreased with
increasing coverage and a very diffuse NiO pattern was
observed with parallel (111) planes and [110] directions
for nickel and nickel oxide. The diffuseness of the NiO
pattern was attributed to coherence broadening which is
direct proof of the existence of oxide islands on the
surface. c •
For the (100) surface, the rate of chemisorption
decreased rapidly until an oxygen coverage of 0.25ML
was reached. The p(2 x 2) structure exhibited maximum
LEED intensity at this coverage. A subsequent slower
and decreasing rate of adsorption into the chemisorbed;
structure was accompanied by intensification of the
.c(2 x 2) pattern, but NiO nucleated at a coverage between
0.3ML (302°K) and 0.4ML (373-423°K), dependent upon the
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temperature. Following nucleation, the sticking
coefficient increased to a plateau then decreased to
a low value at a saturation oxygen coverage of 2.0 layers
of NiO. The work function increased with formation of
the chemisorbed structures, but decreased when NiO grew
on the surface. A diffuse NiO pattern was again observed,
but in this case the (100) planes and [Oil] directions
of nickel and nickel oxide were parallel. The appearance1
of two new sets of diffraction spots, which were equivalent
to but which were rotated with respect to the original
nickel spots, was associated, with NiO growth but could
not be explained. :
Chemisorbed oxygen was dissociatively adsorbed
on nickel and the adsorption kinetics for the (111) face
were Langmuirian (i.e. decreased exponentially with
exposure). This was also true for the (100) surface up
to 0.25ML coverage but between 0.25ML and the coverage
for oxide nucleation, the kinetics were not described.
83
A model developed by Orr to describe the
initial growth of oxide islands was extended and shown
to describe the observed oxide growth kinetics very well.
The model assumes the perimeter sites of oxide islands
are active growth sites and that the reaction is limited
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by either impingement of oxygen, surface diffusion of
physisorbed molecular oxygen, or capture at the island
perimeter of physisorbed oxygen. The reaction rates
in the present case were limited by surface diffusion
or by both surface diffusion and oxygen capture. The
.reaction rate increased with decreasing temperature and
the negative activation energy was determined to be
1.4 kcal/mole for the (111) and 1.5 kcal/mole for the
(100) surfaces of nickel. The density of oxide islands
was calculated to be 1 x 10 cm for the (111) and
6 x 10 cm for the (100) surfaces.
The oxygen coverage on (100) nickel was observed
to increase slowly beyond the saturation coverage at 147°K
-7 -4
and 6 x 10 torr or at 302°K and 10 torr of oxygen. An
oxygen species was observed under these conditions which
> ^ •
had an adsorption energy distributed over the range of
12 to 25 kcal/mole and which increased the work function.
It was concluded that this oxygen species assisted ionic
transport allowing increased oxygen coverages. The total
EID cross-section for 1500eV electrons of this low energy
-19 2
adsorption state was determined to be 5 x 10 cm . .
Broadening and energy shifts of the 60eV nickel
Auger electron peak and the appearance, of a new-Auger
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electron peak at 12eV were associated with NiO formation
and were interpreted in terms of the differences-in the
band structures of nickel and nickel oxide.
B. Oxygen on (111) Nickel Pre-Contaminated with Sulfur
The following conclusions may be drawn from the
data on the surface reaction between oxygen and sulfur
on a (111) nickel surface.
The (5/^ 3 x 2) and (8^ 3 x 2) coincidence structures
previously reported-^ 5, H^ to result from adsorption of
sulfur on Ni (111) can also result from segregation of
sulfur\ from the bulk to the surface during heating in
ultra-high vacuum.
The sulfur in these structures will react with
gas phase oxygen at temperatures near room temperature.
The result is an exposure-dependent decrease in sulfur,
and a concomitant increase in nickel oxide on the surface.
Gas phase mass spectrometry indicates that the reaction
product is SO .
^ • " "
j
The kinetics of the oxygen reaction with sulfur
in the (8,/3 x 2) structure can be analyzed in terms of
rate control by the production of atomic oxygen at the
perimeter sites of growing oxygen-rich regions.
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The surface represented by a (5^ 3 x 2) LEED
structure was not entirely reproducible.
Accelerations of the reaction rates were observed
when the AES primary electron beam, the ion gauge, and/or
the mass spectrometer were used with gas phase oxygen
present.
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. PART IX
APPENDIX I
Kinetics of the Growth of Oxide Islands
We shall consider the lateral growth of circular
oxide islands and investigate the three cases of growth
rates limited by oxygen impingement from the gas phase
(transport and capture being rapid), by surface diffusion
of oxygen, and by capture of the oxygen at preimeter
sites.
To accomplish an expression for the growth •
kinetics, we make the following five assumptions:
(1) Physically adsorbed oxygen exists on the surface
with a mean stay time T , a surface diffusion coefficient
P
D , and an accomodation coefficient into the->physisorbed
s .
state of unity. (2) The probability of dissociation
of oxygen is small except at a perimeter site. (3) The
oxide islands are circular. (4) The mean stay time
and diffusion coefficient are the same for surfaces
covered with chemisorbed oxygen and covered with NiO.
(5) All oxide islands are nucleated in a time short
compared to the total time of oxide formation.
We shall consider the effects of impingement
215
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of oxide islands on the growth kinetics, and to account
for this the theoretical description of three-dimensional
1A
nucleation and growth, developed by Johnson and Mehl
and Avrami , will be paraphrased for the present two-
dimensional case.
The area of a single circular island, a , which
T!
nucleated at time r\ and has grown until time t is given
by
2. (IA)
in which u = dr/dt is the linear radial growth rate of
the island. In order to relate the areas of the individual
islands to the overall extent of transformation, one
makes use of the concept of an "extended area" of trans-
formation; this is the extent to which the transformation
would have occurred in time ^  if one neglects such processes
as growth stoppage due to island impingement and neglects
inclusion in the nucleation rate of grains nucleated in
already transformed regions of the surface. For this
case, the extended degree of transformation, 6 , is
1A
where i is the nucleation rate. It can be shown rigorously
217
that the actual extent of transformation, 9, is related
to 0 by
ex
® = 1 - 6 ^ex -
 (3A)
or, by rearranging and taking the log of both- sides and
substituting for 6 from equation (2A), we have
G5C
t ?
In (l-e) = -fa-rr u2(t-77 } i JTJ (4A)
In order to integrate expression (4A), we
require expressions for u and i. Consider first the
linear radial growth rate. Since we have assumed that
T and D are the same for both NiO and nickel surfaces
P S
covered by chemisorbed oxygen, rates limited by oxygen
impingement from the gas-phase onto the surface would
be constant until the surface was covered by NiO. (This
is true since surface transport to and capture by the
perimeter sites would be rapid compared to the rate at
which oxygen reaches the surface.) Since a constant
reaction rate was not observed, this limiting case will
not be considered further.
Considering next the case of oxide growth
limited by surface diffusion of physisorbed oxygen, we
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proceed as follows. For an impingement rate for oxygen
O T
molecules of 1 with dimensions cm" sec" , the impingement
rate per surface site is IA, where A is the area per
surface site. The average distance, R, traveled by an
oxygen molecule on the surface during a mean stay time,
3AT , as given by the random walk process , is
R- (4Ds7>)a/2 (5A)
where D is the surface diffusion coefficient. Since
s
surface motion is assumed random, one fourth of the
molecules within a distance R in either direction from
the island perimeter will reach that perimeter. On
this basis, the number of molecules reaching a perimeter
site per second by surface diffusion is 4IA2(D T ) 2.
s
 P
Since we are considering the case of growth
limited by transport of oxygen to the perimeter sites,
direct impingement from the vapor on a perimeter site
will increase the growth rate. The impingement rate
per unit site around the island perimeter is given by
• hIA h, where h is the island height. Then the rate of
change of the island radius, when growth is limited by
the rate of surface diffusion, is given by:
• >»'
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where a factor of 2 accounts for dissociation of oxygen
\,
at the perimeter, the perimeter advances a distance A 2/n
for each oxygen atom, and n is the number of oxide layers
in an island.
----- --------------- Gons ider-ias t the—case- whe-re~g-rowt-h-i-s— timi-ted— - —
by capture of oxygen at perimeter sites into the oxide
island; k is defined to be the rate constant describing
this incorporation of oxygen. The concentration of oxygen
adjacent to the perimeter will be assumed to be the
equilibrium concentration of oxygen, which is IT . Then
; . . . . . . • . • ' P '
» •
the rate of incorporation is Ikr A, or considering capture
from both sides of the interface, dissociation of oxygen,
and direct impingement from the vapor, dr/dt can be
written:
„Uc= 4A
3/2; . - - 2AHI
• — —
(It is not certain that a direct impingement term should
be included in this expression; this could only be
ascertained by knowledge of the physical process limiting
incorporation. However the term does not significantly
alter the values calculated below and therefore remains.)
_\,
Since I may be written (2rrmkT ) P where T is the qasg g ' . * . •
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temperature, expressions (6A) and (7A) may be written:
and .
•-.'.- .' - - -- -Vz
ac = -^ /z P
where
and
_!/,
Ife. f\ A . .- If-
K*- ^  (am/cT3)(
The above are equivalent to expressions which
4A • ''~~
may be derived from the formulation by Orr . Essentially
the same assumptions are employed; a major exception is
that for the diffusion controlled case the present
derivation does not assume an equilibrium concentration
of oxygen on the surface.
We will proceed using expressions (8A) and
(9A) for u, and consider next the nucleation frequency.
We have assumed that oxide nucleates in a time short
compared to the time of the experiment. To express
this mathematically, assume that the nucleation rate
221
decreased rapidly with time. If at t = 0, MQ sites
exist, if the nucleation probability per unit time per
unit site is v, and if after a time n, N nucleation sites
s
remain, then the nucleation rate, i = dN/dt, is given
by: - , _ „
t--No V e~ / (12A)
From expressions (8A) and (9A), the linear
radial growth rate for both the diffusion and capture
limited processes can be written as K.2rr 2P, and by
substituting this expression plus (12A) into (4A) and
integrating by parts:
(ISA)
If v is large, i.e. the nucleation occurs in a time short
compared to the time required for appreciable reaction,
then the terms e ,1, and vt can be neglected compared
to (v2t2)/2, and
where K. is K, for the diffusion limited and K for the
capture limited cases.
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Expressions (10A) and (11A) for the constant
3A 3A
K. can be reduced further because the factors D , T ,i . s p
4A
and k can be written
Ds =Za2KEXP(-E,/RT] . (ISA)
TP..-£
k =^EXP(-EC/RT)
where v and v are the vibration frequencies parallel
^
and normal to the surface, a is a mean jump distance,
and z is the reciprocal of the number of nearest adsorption
sites. Then the constant K. can be written:
i, VoIt ? A i» \"'zr i t \
K - c 1^ I T I PP. PYPflT /DTIi ~ ~PT \£ tn k 1$) \_<-*->i ^Ar(h,i./li i|
where
and .
y*
»Ea-Ec (20A)
Thus, expressions (14A) , (ISA), (19A) , and (20A) describe
the kinetics of the growth of oxide islands for growth
rates limited by surface diffusion of oxygen or capture
of oxygen at perimeter sites. • .
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Abstract
A cylindrical mirror electron energy analyzer has been used
to study the adsorption and decomposition of CO on an initially
-clean—P-fe--(-1-11-) -surface^—The—ob-served—rate—of- -adsorption—and
fractional surface coverage as a function of CO exposure are
identical to those observed previously in this laboratory by
flash filament adsorption technique. This result provides an.
absolute calibration of the Auger spectrometry system for carbon
and oxygen. Beam-induced decomposition of CO was observed at
high incident fluxes. The surface oxygen coverage decreased
exponentially to zero during electron bombardment, while surface
carbon decreased and then levelled off at a finite value. CO
adsorption studies on this carbon contaminated surface sliowed
decreasing CO adsorption rate and decreasing saturation coverage
with increasing carbon contamination. The adsorption rate approached
zero at high carbon concentration.
Introduction
The importance of platinum as a catalyst for many
reactions has led to an increasing number of studies of the
adsorptive properties of well-characterized platinum surfaces.
In many of these studies it appears that surface impurities
have pronounced effects on this adsorptive behavior, and in
several cases it appears clear that adsorbed carbon is the
responsible species. Catalytic studies of the hydrogenation
of CO (1), decomposition of methane (2) ammonia (3) and formic
acid (4) , oxidation of CO (5) and dehydrogenation of ethane (6)
have all indicated poisoning by impurities. Low energy
electron diffraction studies of CO adsorption on Pt(lOO) (7)
and on Pt(lOO) and Pt(lll) (8) have shown spurious surface
structures which have been explained by Palmberg (9) as
arising from surface carbon contamination, either present
initially or formed by electron-beam-induced decomposition
of CO.
We have studied the adsorption of CO on Pt(lll) and
the decomposition of this adsorbed CO to yield surface carbon,
using Auger Electron Spectroscopy (AES) to measure surface
carbon and oxygen concentrations. Comparison of the CO
adsorption behavior with results of a previous study of the
same process by the flash filament adsorption technique (10)
provide an absolute calibration of the AES peak heights.
.The mechanism of the decomposition process is inferred from
measurements of the decomposition kinetics.
Experimental System
The experimental system is very similar to the one
described by Palmberg et al (11). The all stainless steel
vacuum system is pumped by a combination of ion and sublimation
pumps to an ultimate pressure of 5 x 10~ torr. The electron
energy analyzer is a homemade cylindrical mirror type with
a coaxial electron gun. The sweep voltage is obtained from
a programmable operational power supply and modulated by the
0 to 10 V peak to peak sinusoidal reference signal from a
PAR HR-8 lock-in amplifier at a frequency of 7.5kHz. The
derivative with respect to the energy of the electron energy -
distribution is recorded by synchronously detecting the
multiplier output with the lock-in -amplifier.
Surface Preparation . .
The sample studied was a high purity platinum ribbon
of approximate dimensions 6.x 0.5 x 0.05 centimeters. After
being heated to about 1300°C in ultrahigh vacuum for 1 or
2 days it was examined by x-ray diffraction and determined
to be a single crystal with a (111) plane parallel to the
ribbon surface. AES measurements made on this surface
indicated heavy carbon contamination. Attempts to remove
this contamination by heating failed, as the carbon segregated
reversibly between the bulk and surface of the sample in the
temperature range between 800 and 1200 °C. The cleaning of
the sample, as determined by AES, was eventually accomplished
by heating the sample to a temperature of about 1200°C in
an atmosphere of 10 torr of oxygen for periods of time which
varied from a few minutes to several hours depending on the
degree of carbon contamination, followed by flashing in
ultrahigh vacuum until the oxygen was removed from the surface.
These observations are in agreement with previous studies
which indicated "that high temperature treatment alone was
insufficient to remove carbon from platinum (9, 12-14) .
Following this cleaning, no segregation of carbon from the
bulk was observed even after extended periods at high temp-
erature, apparently because most of the carbon had been
removed from.the, bulk. The Auger spectrum of the cleaned
Pt(lll) surface was in good agreement with those reported
in the literature (9, 13, 15).
CO Adsorption on Clean Pt(lll) . . .
Recently, Baldwin & Hudson (10) have measured the
adsorption of CO on a platinum surface prepared from the
same starting material by the same treatment as just described.
They found, using the flash filament desorption technique,
-9 -8that over the pressure range from 5 x 10 to 2 x 10 torr
CO was adsorbed by first order kinetics up to a saturation
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coverage of about 7 x 10 molec/cm . Since the" number of
platinum atoms per.cm on the (111) surface is 1.5 x 10
they concluded that at saturation one CO molecule occupied
two platinum sites on the surface.
In the present work, we Have observed CO adsorption
_Q
on the cleaned platinum at a CO pressure of about 5 x 10 torr
at room temperature, recording the heights of the C (270eV)
and O (510eV) Auger peaks as a function of CO exposure, that
is, the product of gas phase CO pressure and exposure time.
Measurements were made at a primary electron energy of 1570eV,
us'ing a modulation amplitude of 5 volts peak to peak. This
was the largest modulation voltage that could be used without
causing interference between the 270eV carbon peak and the
nearby 250eV peak of platinum. Measurements were made
intermittently during the adsorption run, at a primary electron
2
current of 7yua/mm , the lowest value consistent with adequate
sensitivity, in order to avoid beam effects. The criteria
for success of this procedure were that the original clean-
surface Auger spectrum could be restored after the adsorption
run by flashing the surface briefly to 650°C, and that the
carbon and oxygen AES peaks were always in the same ratio.
The results of these measurements are shown in Figure 1.
Here the results of Baldwin and Hudson (10) are plotted as a
solid line, showing adlayer coverage as a function of CO
exposure. The observed AES peaks for carbon and oxygen,
normalized to the same saturation coverage value, are plotted
as solid circles and triangles respectively. The agreement
between the two techniques is very good, the scatter.of
the oxygen peaks being larger due to their smaller magnitude
and to the higher noise of our equipment in that energy range.
This result, therefore, provides an absolute calibration of
the Auger spectrometry system for carbon and oxygen. The
straight line in Figure' 2 has been drawn assuming a sticking
coefficient equal to one. It can be seen that the sticking
coefficient for CO on Pt(lll) is close to unity and fairly
constant at low coverages.
CO Adsorption on Carbon - Contaminated Ft(111)
We have observed that heating our platinum sample in
a CO atmosphere for short periods ot time does not produce
measureable carbon contamination, but that, as previously
observed by Palmberg (9), surface carbon can be formed by
cracking of adsorbed CO by the electron beam of the Auger
apparatus. In particular, we have found that cracking of
*}
CO by the 1570eV, 7uA/mm electron beam at about 10~8torr
of CO allows the deposition of precise amounts of carbon in
a region the size of the electron beam cross section, as
checked by moving the sample across the beam.
We have used this technique to prepare surfaces with
varying amounts of carbon contamination, and then studied
CO adsorption on these surfaces. The measurement technique
was the same as explained earlier for the clean surface case,
except that after development of the contamination layer, the
surface was heated to 1000°C in about two seconds and held
for 5 minutes to remove all CO before each adsorption run.
The results of these measurements are also shown in Figure 1.
Curves labelled 2 and 2 , for instance, represent the carbon
and oxygen Auger peaks respectively for the same run. The
degree of carbon contamination can be inferred from the.inter-
section of curves 2 and 5 with the vertical axis. It can
c c
be seen that the quantity of CO adsorbed and the initial
sticking coefficient decrease with increasing carbon con-
tamination. The shape of the CO coverage versus exposure
curve is similar to that observed for the clean surface, but
with the vertical axis proportionally shrunk. That is, the
adsorption process precedes as though the only effect of the
carbon contamination was to reduce the surface area available
for CO adsorption. For high carbon contamination there is
no CO adsorption at all (curves 5 and 5 ) indicating that
c
 °
the carbon covered surface does not adsorb CO in any appreciable
amount under our experimental conditions.
The magnitude of the C (270eV) Auger peak observed
for the completely contaminated surface is roughly 4^ ,6 times
that observed for the non-contaminated but CO-saturated surface.
This figure is very close to the ratio of the carbon atom
15 —2density in the c-face of the graphite structure (3.8 x 10 cm )
to the carbon atom density for the saturated CO layer (7.5 x 10 cm ),
suggesting that the contaminant is present as a- close-packed
carbon monolayer on the surface.
Electron-Beam-Induced Decomposition
For the study of the electron-beam-induced contamination
process, the cleaned platinum surface was saturated with CO
-9
at a partial pressure of about 5 x 10 torr. The electron
beam was then turned on and the oxygen and carbon Auger
peaks were monitored as a function of time. In this case
2
the incident beam current was increased to lluA/mm , to
enhance the decomposition or desorption processes, but the
modulation signal was maintained at 5V peak to peak to avoid
interference with the platinum Auger transition to 250eV.
Figure 2 shows the variation with time of the normalized
oxygen and carbon Auger peaks. The oxygen peak decreases
exponentially to zero but the carbon peak decreases more
slowly,- and eventually levels off at a constant value of
about 1/3 its-original amount, thus giving rise to the observed
carbon contamination,,
This behavior can be explained in terms of a variation
of a mechanism of the electron induced desorption processes
developed by Redhead (16), in which the rate-determining process
is the excitation of an adsorbed CO molecule by an incident
electron. In the present case, the adsorbed species may
then decay by one of two paths, one yielding a gas phase CO
molecule or ion, the other yielding a gas-phase oxygen atom
or ion and an adsorbed carbon atom. Schematically,
,co
aco —2 >- co* ^ (i)
8in which the subscripts a and g indicate adsorbed and gaseous
species respectively, the * indicates an activated or ionized
species, and P and P are the reaction probabilities of the
two paths . _ .
If such a mechanism is operative, then the rate of
2
change of the CO population, a (molecules/cm ) , which occurs
...., -.. - - .- ---- -CO — -— • — • — ----- ' "
by both pathj and path 2, should be given by
dgco = -k(P_ + Pjo (2)d t 1 2 c o . . . . . . .
in which k is the product .of the cross-section for the excitation
of adsorbed CO, Q, and the bombarding electron current density, J.
The rate of change of the adsorbed contaminant carbon population,
2 ' •
a (atom/cm ) which occurs by path 2 only, .should be given by
a- . : : : •' (3)
d t c o • ' . • / . . • ' : . • - . . • " '
Integrating the above equations, taking into account
the boundary conditions
14 _2
a (t = 0) = a- = 7.5 x 10 molecules/cm
co ! .
a (t = oo) = 0, a (t = 0) = 0
CO C
one gets
-t/T
a (t) .= a.e (4)
co i
a (t) = . r o . ( l - e - 1 " ) (5)
c .1
where T = (P + P )e/JQ, with e being the electronic charge
•*• fc
and r = PV(P •+ P ) . -
2 1 2
These concentrations can be related to the observed
oxygen and carbon Auger peak heights, I and I , (normalized)
o c
using the relations
I (t) a (t) -t/T ....o = co = e (6)
V0' *co(0)
for oxygen, and .
I (t) (a +g)(t) .. -t/_T ---— - ---
c - co "c = (l-r)e +r (7)
I (0) a (0)
c . co
for carbon.
The solid lines on Figure 4 represent the fit of
Equations (6) and (7) to the oxygen and carbon Auger peak
-19 2heights respectively, using Q = 2 x 10 cm and r = 0.3.
.It can be seen that the agreement is very good.
General Discussion . . . .
The results presented in the foregoing sections have
a number of interesting implications, to the study of adsorption
in general and to the question of carbon contamination of
surfaces in particular.
It is seen, first, that AES provides a reliable means
of studying the kinetics of the adsorption process, provided
that adequate care is taken to insure freedom from effects
associated with electron-beam-induced desorption or decomposition,
and provided that an absolute calibration of the sensitivity
of the Auger spectrometer can be made, as' was done in the
present case by comparison with the earlier flash filament
results.
10
Insofar as the question of carbon contamination is
concerned, we have confirmed the beam-induced decomposition
of adsorbed CO noted by Palmberg (9), and shown in addition
that the decomposition process involves both desorption and .
decomposition. This process is one which warrants further
study, as our present study provides no information on the
state of the products desorbed. Further mass spectrometric
studies of the electron-induced desorption process will be
required to resolve this question. Some work along these
lines has been previously reported by Baldwin and Hudson (17),
and by Huber and Rettinghaus (18), but comparison with the
present study is difficult, as both of these studies involved
the coadsorption of H and CO, and very significant interaction
f* • ' ' . ' ' ' • '• .
effects between the two gases were noted.
' / ' • ' • : ' • •
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Figure, Captions
Fig. 1 Adsorption of CO on a Pt(lll) surface at P = 5 x 10~9torr,
T = 300°K. Curve 1 refers to the clean surface. Curves
2 to 5 refer to tHe~c:arBbh contaminated surface.
Pig. 2 Electron-impact desorption and decomposition of CO on
Pt(lll). E = 1570eV, i = IluA on 1 nun2.
P P ' • . .
•2.6
35
"D"
o n
. 3!I
20
15
10
STICKING
COEFF. =1
D D
5c
-a —
4c
2c
ONE CO MONOLAYER
J~ = 7.5x I014 MOLEC/CM2
x IOW (TCRR-SEC.)
10
COl-
2
CD
to
UJ
Q
13
Q.
<
0.5
UJ
Q.
OC
UJ
0.2
0
® CARSON
A- OXYGEINJ
800 1200 1800
TIME (SEC.)
